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Abstract  Retinal blood vessel segmentation plays an important role in ophthalmic diagnosis and
treatment, Many research achieved segmentation with single feature extraction in decades, including
supervised and unsupervised methods. Despite the results of these works were acceptable and
significant, retinal vessel would be rupture or too thin in width on final binary images. To solve
the above problem, this paper presents a supervised method for blood vessel extraction based on
multiple feature fusion in retinal images. The proposed method consists of four steps. First,
green channel images are separated from raw retinal images for their clear blood vessel information.
Optic disc and macular center are removed by bilateral filtering. The intensity of processed
images is stretched to 0—255. Second, according to changes in vessel morphology such as shape,
tortuosity, branching pattern, width and size, a 34-D feature vector is extracted from linear
feature, texture feature, moment feature, variance feature and intensity feature. Most retinal
vascular morphological features are taken into consideration by means of the multiple feature

fusion vectors. These features describe retinal vessel from edge information, intensity difference,

WSCH H 351 :2017-05-05 s 4R H I H 81 - 2017-11-16. AR PRSI 21 [ 58 L& =7 5 s 3R AF 58 & R 11400351 H (2014CB748600) | [ 58 B S Rk 2% 3%
4:(81371629,61401293,61401294,81401451,81401472,51365017) JL.I544 H SRR 2F %L 4 (BK20140052) JLFG4 H SR AL 4 3L 4 W B 0 H
(20132BAB203020) VLV H & TR A HARDIF H AT H (GIJ17049D) % By, 224LBA. U3, 1967 4FRA: Wl L HR , F BT R S A= 5
P2 L 531 E-mail : lianglm67 @163, com. X832, 55,1994 428 A0 4, EBHF 55 07 [ M HLAG 2% > S IR = Q0 H. 158 &, 5, 1990 4F
A W R R W T ) i e R SR G AL B B4, 1980 AEAE I RO TR B ST O 1]y IS A UG AL F1K 43T
FR#ETEE GRIGIEED B, 1979 428 4 80 R EOF ST AR R A58 20U B HLAE 2% 20 T B2 22 R AL L5 43 FF . E-mail: xjchen@ suda. edu. cn.



11 4

REALWIAE . H T 20 AL A B0 A W L R 5 o A R B 25

67

blood vessel size, connectivity and statistics. Third, feature vectors in every pixel are treated as
training data and manual segmentation standard is treated as training label. A random forest
classifier, known for its simplicity, anti-overfitting and information fusion capability, is trained
with 34-D feature vector and its label. Taken different feature into consideration, 100 decision
trees are established from random forest model. During each decision tree, the vessel pixel is set
as positive point and the non-vessel pixel is set as negative point. Preliminary binary segmentation
results are voted by multi-decision tree classifier. Finally, segmentation results are obtained from
vessel image post-processing. Small or non-vessel pixels, like artifact and lesion noise, are removed
via vessel image post-processing filter operators which are defined with the information of intensity
distribution and connected domain. The proposed method is tested on two publicly available
fundus databases DRIVE and STARE. Average sensitivity is 0. 8354 and 0. 8452 on the DRIVE
and STARE database respectively. Meanwhile Average accuracy is 94. 83% and 95. 34% on the
DRIVE and STARE database respectively.

compared with existing method. Moreover, the accuracy also approaches the best value. The

The proposed method achieved highest sensitivity

experiment results showed that proposed method acquired good segmentation performances in
small blood vessel and connectivity. The results compared in each healthy and unhealthy retinal
image achieved similar sensitivity and accuracy, which denotes that the strong robustness and
good stability of proposed method. In comparison with the existing methods, the proposed
method achieves the following contribution: feature extraction in this paper contains vascular
geometry, morphology, intensity and statistic information, which describes retinal vessel
information as much as possible. Healthy and unhealthy retinal vessel segmentation were both
performed and achieved high accuracy. The vessel image post-processing method is also available in
other vessel segmentation post-processing.

Keywords retinal vessel segmentation; feature extraction; supervised learning; random forest;

vessel image post-processing
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(89 RS I A [v) B 40 ) W P A 0E 1) 7 2 L 4 i /5 0
BEF Bt AL AR ARSEL T I 5 1 07 3 2 4 1) B M

S s R T S S T X B B AR PR o A
FRAE Fo o Fyoeee s Fy (0TI — A0 A0 38 20 BORFAIE 1) 5
HBE L AL B X E] [0, 1],

3.3 HNHREZSE

PR 1 BRI AR LR AR S A — i 2
F 00 5 fat 5 R 9 A8 ) A0 ) A ] 5 4 BT A AR B
i [ B 18 IR TR 1) A 1R R RPE R4
FH T A A TR 5 B L 2 R 4 SR B AL 2o R AR AR
ARMERT & H S PR T 1Y B8 0 A DGR /A HoAT
AR BRI TR R 5y S/ NBEIL Sk JCERLASL , B
HIL 6 ORI P AR b AR R R A& 58 0 B 45 R Ak
I BRUE »— A D R PR R i R R S AR R R
ML 2928 14, 2 T 3R U I 485 R A5 AR I
BAR R ST NAT A B H ) AR S0k BURE A% K
If s 42 BR 1 = 4 % B 7 TE 7 RE A o BE B3 O 20
TAGR B AEALE.

YR 2. SRFEBEVLIG. X FE AL R A bootstrap
RAEAG BN FEAR T 4L 00, AF N 25 A BR O3 28 T SRR
h(X 00 BN ZRBE. 56 25 I ) JF 44 15 58 3 2o 4
B BEPLAR LA K =100.

YR 3. AR BUPRREAR. B R ALY 4% BRAE Y
i SR R A5 AR AR SR A R 4. DS R e KRR AR G
LA F 50 BB MIRT iR B 20 J5, fE Y
RREAR IR R Al I8 245 1k A K AR B8 B PSR
AT

IR A BRI RAR. AR 100 B SEA LLAR
X 2B N ZE & R B 2 R &
LD H A BE W T R BE ML AR AR A e
3.4 hEEGELIE

K bR RRAE SR O 2045 20 W FE AR RE A% fif
I H B Bl ATL AR PR I 53 28 8 I R B R b 12 JECAL 1Y)
I 1L A5 5 8« AR A UK L H o L RO S 1 IR
BEFFAE LA S Haar 56 R AE 5 10 48 FF 1E AH 1, Bl AL 2%
ARG I BRI R A 1 8 A B kE APl e e Ak 2
A5 72 1) PR ) B T AR B g ok R B 2 A R a3 R

LRSS 30K 51 S R e 1 i v . Ay 0 — 2D 4 AR SCOE
F BRI L 5 AL TR A B, DA 2 R 285 25 e
TIE % T PR I R R S 1 [ i, 3 25 B AL AR
ARER IS 2R v A A I R BRI S L 4 v i A
O3 FING BE . LA S B BT

T 5 K BE 22 S5 25 08 T8 ok UL L A8 4 5 S Y
ORI B L A5 I A 3 A o A 3 DX 302 — > KA v
THEB R W& X 75K BB m e K E
B DX Il R ) 5 400 10 8 T £ 32 A 8 IX I i 7
HEOMATLELRL 190 Sy 73 #1598 59 P AT 28 %
190 S JK BE B EL % IR BEAE R T 190 Ay 73 1 25 2R %
25 HRBR B A PO R R A I v BT S Ry I A IR R
BRI L R — 2D 5 g ) A R

IR 5 I 2527 25 I L A8 o e A O 52 1) 56 38 0
P MR R KA AR R R K,
196 kb A A5 R X SR A K B 5 58 B AR AR R
SN PRI DA 3 3 51 TET AR (A vrea) 1 3 G 351
K (Length) & 38R (1 58 (Width ) FERE T 36 A5,
BB DA I = IGHE AR AN LAAT % DX 1 A8 5 0 k£ 3
Ol B F s B E X Length/Width Fl Length X
Width Wi H ) LRI S 25 7. JUTIE S48 7
0 1 (B PR O I SE T B B E S B RO Il A
BRI GETH B 55 kb D AR R I Ge T e 22 8] 1Y
P AE J s B B LA 55 2 SCINnF

(1)0.4<<Length/Width <2.5;

(2) Length XWidth <3.5X Area;

(3) Area < 30.

BB AL AR PR S3  aek 2 B ATLARS 114 7 32 X6 1 4 [
BAFAEREAT 7328 - RE M DR RAEA I 25 A9 3 1005 B
G A I 73 A5 A L T B b MEA 2 T ek 2L £
UEF R 45 SRR . SR % 5 ik 4 5 B AL 55
A8 DXl 1 U O afi A DX X 2 ™ R 4 B
RIS . O O B TR R A e e A B
RF )73 K45 R 25 1 3047 1058 B85 Ak B2 1 73
W A BRRORTE R 4 T LR,

4 KBWEREHH

AL A B -6 S vs2013 + opencv?. 4. 10,
HHAHLEL & 4 Intel (R) Core(TM)i7-7700 CPU@
3. 60GHz,8.00GB PN ff,64-bit Operating System.
15 BRI B 7 STARE il DRIVE ¥4 g 3
AT B UE I A50E PR 2 B FE i . B R A C A+
i RSB, F RF(Random Forest) 2 7 fii H1L 5% A 1.
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BRI H TP(This Paper) /5 6 ] 3. 4 4 L%
JEALBRTT 5 2 B RE Ak 418 R Gl 58 Xl Py
S D B A 1Y e S I IR AR ST 43 i AE
STARE F1 DRIVE # [ 545 4k 5 1 it

STARE(Structured Analysis of the Retina) F
1975 4 H Michael Goldbaum # 7., &4 10 &4 %5
A8 A B B R TS P15 R R 3R RS 605 X700, 4
i V1 P %ok g 7 S % K 1 T 30 43 1 245 2R (e ).
A ST labels-ah A Ay 1fil 45 £ O3 v 7 B 40 11 1) 42
T v LR 11 2 Bt AL 2R ARASE TR I 4 i 40 190 5 ] £ i
HLAMHEL 3000 A LA AR AR 7000 ANE LA G 50O B
A SE 200000 FEAAE g I ZRREA.

DRIVE ( Digital Retinal Images for Vessel
Extraction) J* 2004 4= /1 Niemeijer & A\ 837, 43 31
A% TN GRAE AT R 4 L IR IS RS B & 20 i, ]
BAG R R ST 565 X584 , 4 i P A5 H % I W5 2 % 52 1Y
F3h B 45 B (4 FRdE) 1st_manual 1 2nd_manual.
A SCHC Tst_manual 1F A 148 46 B 15 M BE 55 1E 19
S bR 2 I 42X 2E O A i A I IR T A5 B ALt
3000 A~ ML AL A F 7000 A i 4 (5 50O BEA, Tl
IAEA N 20 @I 2R 18 Fr v e L R R 200 000
AN g BEALARAR AL A 53 2 2 11 2R 2R
4.1 HMMEMERRER

STARE Hl DRIVE ¥4 % H &8 17 15 et B AL 19
IR L A5 5 i 7 R Do I ] 4. 7 00 o 5 ot A 4 B o i

7 A ) I A 43 0 — L O ) 0 S L
Gy NG R AR RN AL S W — T EH AR bR, A X
X STARE il DRIVE W 4~ %0458 122 v i) i 45 BSR4
HEAT T 48 %0, 3 B DL STARE 304 B 19 im0081 (g
AL I D T im 0239 Gl 45 L I JIEE ) 1) 43 1 45 SR 1R N
SER RN, RO BRI 45 T0EE AR R R DL R A% B X
FE 5 3CH

A J2 fAE B G A8 R I P A 1 O A R &
AL 4 Ca) FCdD G5 T3] 2 fdt B AL IR 5 R g 7% HE
o 5% Ji P4 T 4 Cb) T Ced 43 ) 2 F1) T RF 0 1 o) i
J5RE AL ) JIEE R 3 AL R T B 7 45 L. el BT 4 (b) H]
FN L F A RE LA 43 28 4% 76 15 5 00 R B IER A
— ARG A AR A R A B AL A D i
0O 5% 25 3 I A R 4% TR 4 (o) ol I 45 i Ak B0 45
JE AL RIS A BR TS O A /N i D 52 R AL X
s N 4 Ced Hpn] UL, 7 Ak FH5 A5 (19 00 009 5 P51 4%
RE (14 32 B 25 5 5 A 58 Z 0 kb A Oh 5% 45 3k il 4
g1 4D 2 JE A A5 R, T LA A S8 LB
BT MR T R 09 e M8 B4y, iE B T A 3C
SR 0 I 457 S Ak B VR A R0 25 b 3 2 o
BREES R A el DLE B, Al RF Bk
X fekt o ORI ot 67 1 B30 SR A e L A A TR
ANRRAR LT A5 43 2 1 A8 RO kL I A RS S Ab B TR
AT X A R ) IS T AR B A S AN R ) e
SR AR AR SO E R T i — AR

() AR B

K5 g5 ih 7 SCRRE27 ] SRR 28 T A B A SCH Ik
7 DRIVE %408 178 1 4 i 400 0 5 12 45 1) o 80 4 2R
o 1 AT R AR HERLIN I AR 5 2 AT R R A AL

(&) ML PR F R U 45 R
P 4 AR SOOI I A 4R B S 2R

(1) AL I i i Ak P25

PO JIEE PR S 7 (23 A %) L P 5 R B B T LR S
LR F RPN S HARERR 26 3 47 240/ 4
5 1A A AR A A0 OR. BT 5 Cad Sl A IR i A T
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15 181 5(b) A 3Lk U & 5 F 3 o0 B s fE S % [A]
B8 5 (o ICHR[27 Tz TR Se sk P 58 5 4t )
AP BCEE S [ 5 () SR 28 Jis I 22 RO R PR AR
AR SRS R & 5 Ce) S AR SO $R S SR i
TR PO AN [ 583k 19 70 28 R A B L SCHIR 28 15k 7 1
B S S E A A PRGSO AN SRECES R A

3 SZLAE W 28 AR . T SR [ 27 1530 3k 4R By
LA 8 BE o 240 L VF 22 20 /) L5 B0 A T B o A 2 IR
S0 RE AN Ry (£ 12 W7 v 20 /) L AE 0 R 1) 5 PR A o
TR BRI S BAH T B A I R 2 W A EE
K PR AR S0 3R ORI A B SRR 28 15k
HA S ) 3 Gl P A PG SCRRL 27 1 SE 4 1 e 4 1.

(a) JRABHL I E 1R

(b) FrHES % ER
E 5

7E £ e A 0 58 P 5 b AR SO TR S Sk 28
SR AR BOR L BOOR SCHRL 27 0 $2 B
L5 58 B foe 4 1B 2 e AHZ T BR T2 M
AN AR RN F 2 008 A i ey T KT B 0k 1 2 U
BRI AR LI SCHRE 28 1T iz AT/ 2 RO 2k
R A A I 5k G SR A S ML A R AL 4R A —
Ir s I3 AN A B 2 1 A BE P L SCRRL28 11 26
w09 R IR — R AR 1 55 00 e A AR S K AR L S
T Z ML R T3 00 24 BT DLAS SCER S 2R A
AL T K AF B 38 X 40 I fE B A 2%
9 P B

7300 g A2 A I R T B ph T RN 2 A A AR AR A
FROE R 5 15 5 LRt A7 A [ X FE 5 () 5
LATHIE % BB 55 2 47 0 R 8D A2 B R — & A
IF 14 TR ARl P s oz A MR JEER 8 e DAy g 22 P A ARG 44
DR T L A T8 A DI R R IR 8 DX G A 9 1
AR X R R o A 1R S A 1Y B HOR:
— AN B 5 5 2 AT RN T A Rk AR R
T 22 A I ] 5 v O A AR A R 5 3 AT R T
55 2 A7 BB 9 AR A8 ST AN L A XS AT R
AR T X o DA X B R R SRR 28 T 4 L

(c) SCHR[27) 8R4 R
AR RS R

(d) SCHR[28) k45 T (e) RILHILGER

S5 h B R S A O B T I A OR S A 43 S Ak
FETEWT 2L s SCHRL27 1 2 B0 2 R A 32 %8 1Y 1f %8 4
S VR 2 AN LB R AR IR DX PO B3 1k 1Y) S B 445
AT LA 3 DR (B2 A B T 25 45 4 B3 07 1 2% 1
A5 AR LA R AR e &1 o B RE I B+ 0 A
MR B (O R 7 AR ST SIS SR M T T B RS
2 AR SOTT 1 SR B SR A 0 A A il A S U AL
AN Ty PR BR R4 98 285 495 /) T 32 il 20 31 O 288 K 4
RGEHRE T R 5 OR I A AL B L 4 RE AR 4 1 iR
S 5 7 S A FiE 004 B € [X 8Kt R I L 43
A R R 4

oh R 3 B AR SCHL A L A e ISR VE TR RE. AR
XEeit 7oA o E 5 AN AP RE BE AR br.
R URR R SRR L BH A R (Sensitivity) o 32 7 1E 8 4
JE LA AR R S AR R A A R R R
FPR(False Positive Rate) B/ B E B KN
MA BB R G HEE R BRRN A 5 50T
(Speci ficity) FR IR FE M AR ML B R B H LR
MR A 40 %5 K51 5 (Precision) 378 1IE i 41
FEM LA AR R GBI BR 2 R 1 o AR R R
(Accuracy) F7n IE 73 JE ML FAR ML R R LB A



11 ZRALBAAE . JET 2R AE b5 1 A B IR R If 4 R 2575
K14 B4 £ ) H 47 K. F-measure /N URE 5% Sensitivity

B R (Precision) Z [8] (i FL R 5 & L4 32 BUPE RE 48

NIDESREN AR/

F-measure = 2 X Precision X

Sensitivity + Precision

2D

Sunsitivg T, 16) Hodr BB CTp) B IEHIR B MR ZE S H ; 2
ety T T F, B (T ) S 1F R 50 I 0L 85 1 22 0 50 H 5 (B0 B 4
FPR — Fp an (F,) R4 U e M4 45 b 2 B 8CH s BB (Fa)
Fp+ Ty AR MR R B H . FEX 5 2848 bR R B
S peci fity — T a18) PER (FPR) BN AR5 b B8O 2 1 A
pectSUy = 1 T F, %2 95ih T A SCH ¥ 8 DRIVE 045 P Al STARE
Sensitivity = Tpr+Tx (20) Bl e 1A I A B O B B R A, N AE T X ) B
TeptTytFetFy — P8 A5 B B A FH L R s
% 1 DRIVE#EEMMIES &R
Sen FPR Spe Pre Acc
Image
RF TP RF TP RF TP RF TP RF TP
1 0.9508 0.9206 0.0838 0.0652 0.9162 0. 9348 0.5266 0. 5804 0.9193 0.9335
2 0.9015 0. 8769 0. 0454 0. 0375 0. 9546 0.9625 0.6939 0.7275 0.9492 0. 9538
3 0. 9000 0. 8682 0.0847 0.0583 0.9153 0.9417 0. 5403 0.6226 0.9137 0. 9344
4 0. 8346 0. 8116 0.0293 0. 0250 0.9707 0.9750 0.7426 0.7666 0.9582 0.9599
5 0. 7986 0. 7759 0. 0256 0.0216 0.9744 0.9784 0. 7629 0. 7879 0. 9579 0. 9594
6 0. 8781 0. 8345 0.0681 0.0470 0.9319 0. 9530 0. 5816 0. 6567 0.9267 0.9414
7 0. 8249 0. 7947 0.0410 0.0272 0. 9590 0.9728 0. 6694 0. 7460 0. 9468 0. 9565
8 0.7291 0. 6989 0.0259 0.0192 0.9741 0. 9808 0. 7258 0.7743 0. 9530 0. 9566
9 0. 8661 0. 8180 0. 0445 0.0323 0. 9555 0.9677 0.6317 0.6909 0. 9482 0. 9556
10 0. 8513 0. 8202 0.0418 0.0342 0. 9582 0. 9658 0. 6464 0. 6825 0. 9494 0.9538
11 0. 8810 0. 8501 0.0832 0. 0537 0.9168 0.9463 0.5102 0. 6090 0.9136 0.9377
12 0. 8483 0. 8159 0.0395 0.0328 0. 9605 0.9672 0. 6698 0.7017 0. 9508 0.9542
13 0. 8557 0. 8207 0.0464 0.0361 0. 9536 0.9639 0. 6666 0.7111 0. 9440 0. 9499
14 0.9019 0. 8600 0. 0600 0.0442 0. 9400 0. 9558 0.5696 0.6312 0.9370 0. 9481
15 0. 8853 0. 8647 0.0583 0. 0450 0.9417 0. 9550 0.5392 0.5968 0.9376 0. 9485
16 0.9278 0. 8789 0.0735 0.0535 0. 9265 0. 9465 0. 5560 0.6196 0. 9266 0. 9403
17 0. 8604 0. 8044 0. 0555 0.0390 0. 9445 0.9610 0. 5802 0. 6556 0.9374 0.9478
18 0.9274 0. 8937 0. 0828 0.0630 0.9172 0.9370 0. 4900 0.5498 0. 9180 0.9336
19 0. 9064 0. 8888 0.0537 0.0482 0.9463 0.9518 0. 6041 0.6252 0. 9430 0. 9466
20 0. 8438 0. 8108 0. 0409 0. 0358 0. 9591 0.9642 0.6207 0.6429 0. 9506 0. 9530
overall 0. 8686 0. 8354 0.0542 0.0409 0. 9458 0.9591 0.6164 0. 6689 0. 9390 0. 9482
X2 STAREHIEEMMESEIZER
Sen FPR Spe Pre Acc
Image
RF TP RF TP RF TP RF TP RF TP
1 0.8123 0. 7931 0. 0808 0.0621 0.9192 0. 9379 0. 4659 0.5255 0.9107 0.9263
2 0. 7625 0. 7207 0.0786 0.0641 0.9214 0. 9359 0. 4089 0. 4450 0.9108 0.9215
3 0. 8456 0. 8180 0.0622 0.0356 0.9378 0.9644 0. 4640 0.5939 0.9323 0. 9556
4 0. 8210 0.7793 0.0461 0.0294 0. 9539 0.9706 0. 5877 0.6798 0. 9440 0. 9564
5 0. 8991 0. 8853 0.0725 0. 0552 0.9275 0. 9448 0. 5518 0. 6145 0. 9249 0. 9395
6 0.9250 0.9159 0.0572 0.0391 0. 9428 0. 9609 0. 5476 0. 6366 0.9416 0.9577
7 0.9144 0. 9058 0.0389 0.0334 0.9611 0. 9666 0. 6720 0. 7025 0.9574 0.9617
8 0.9232 0.9141 0.0442 0.0363 0. 9558 0.9637 0.6278 0.6701 0.9534 0. 9600
9 0.9105 0. 9002 0.0367 0.0320 0.9633 0. 9680 0.6792 0. 7058 0.9591 0.9625
10 0.9100 0. 8896 0. 0684 0.0437 0.9316 0. 9563 0.5379 0. 6403 0.9299 0. 9509
11 0. 8883 0. 8697 0. 0340 0.0301 0. 9660 0. 9699 0. 6667 0. 6891 0. 9604 0.9627
12 0. 9567 0. 9528 0.0476 0.0416 0. 9524 0. 9584 0.6273 0. 6575 0. 9527 0. 9580
13 0.9229 0.9155 0.0682 0.0539 0.9318 0.9461 0.5695 0. 6240 0.9310 0.9434
14 0.9114 0. 8973 0.0519 0.0398 0. 9481 0.9602 0.6361 0.6921 0. 9447 0. 9545
15 0. 8621 0. 8340 0.0419 0.0309 0. 9581 0.9691 0. 6604 0.7182 0. 9498 0.9574
16 0. 8005 0.7763 0.0619 0.0464 0. 9381 0. 9536 0.5951 0. 6553 0. 9240 0. 9355
17 0. 9008 0. 8872 0.0320 0.0268 0. 9688 0.9732 0.7348 0. 7648 0.9620 0. 9655
18 0.7734 0. 7448 0.0166 0.0112 0.9834 0. 9888 0.7133 0.7797 0.9728 0.9765
19 0. 8338 0.7974 0. 0287 0.0192 0.9713 0. 9808 0. 5670 0.6510 0. 9654 0.9729
20 0.7614 0.7063 0.0569 0.0322 0.9431 0.9678 0. 4890 0.6103 0.9310 0. 9503
overall 0. 8667 0. 8452 0.0513 0.0382 0. 9488 0.9619 0. 5901 0.6528 0.9429 0.9534
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TE X T Bl o v R e BT 20 i AT A D
IR L Bk — ok PR 10 230 45 B B0 45 SURREE L BB R
RS PE ORG0 3 DL R E L BR T AR SCA I (This
Paper, TP) {45 W45 45 » o 1 J5 (8 58 ik i, 7 42 B 45
RGP L VR RE L B — TR AR AR 25 T RF 803k
B 4 . RE 303k i RO & A SO
AR = ISR o R A SRR AR SCHIA A A I AR A
X S PR R A6 B B3 A A DR 52 1) )i Ak B 5 A o AR
BER TIAR AR R KRR T F,  Hd AT
G UK AR Y I R R A R A T Ty, i
TR e A BRI B AR SRR 0. 03 AR B
TR A R Y P BB A B b 0. 014,
(5 S PP B 190 0. 013, A% iy 7 2 1 0. 052,
HERA A2 3 0..007. 2 1 MR 2 U6 WAL R i 1t
R A PR E A 3 I RIOR . TE A Bt R
TEVE Jee fil AR 100 I P 1 3 o o 72 A I B T £ AR S
BRI RERE MR AR AT AE 95 0 e X R WIA U
5 X 9 7 L TR ] A5 5 e ) B2 IBURE T ) I LA
SiR Y BT A AT IR 7R Y RiE
4.2 ZHE5 8 —4FE RF B MR R

N T BAESS £5 Z2 AL AR Al 7 3 o i P g
32T} 75 DRIVE $dis 5 b 23 5 {8 4T 5 28— ¢
fiIE (2 RO LR PR R AE  LBP J& # 47 4iE . Haar A1 RFAE |
J7 ZENFAE R BERFAED T BE AL AR AR ZR AT 20 i AL
o I T 45 o g J A 310 5 A BRI AR IR0 I L S 8
GEiH A I e A Y UK S HER R IR S A SR
(1 34 4k 22 F AL 1) 32 1Y 535 X LL X EU AR L3 3.

®3 B—HI5Z 41 DRIVE BUiREHRELILR

Feature Sen Acc
Multi-scale linear 0.7283 0.9403
LBP Feature 0. 6825 0.8352
Haar Feature 0.6543 0.9247
Variance Feature 0. 5782 0. 7483
Intensity Feature 0.7366 0.9356
34-D Feature vector 0. 8354 0. 9482

M 3 P DU B — R R S S 10 U
R Tfy 0 AN 0 22 R AR il 0 D6 A 2 o B — R AR
Sl A HIP M REA TR MR T & KRR
T U AL ) 20 J AR AR % 3 il i B2
B W AR 332 HCA Rl A A% 5 T A BT 0 4 8 o A
FRAE S QL0 UE 1 A SOk MR T2 R E Rl B O vk 2
AT A R
4.3 TEVLM AR E 5 B ik e L&

FE A 19 52 10047 73 Bk A R A R T e

S P T W B O B IR AR SRR MR o) S
R fE . BT SVM Fl AdaBoost B Fh v B )12
A B 2 ] 3 R AR AR D X BRGE L L 7E DRIVE %
I R BT 20 1@ R S IR & J5 20 i S
R G DU (0 DI SR st 8] L 2 50 Bk e L 52 4
FNERA FAE N PERE S b, X HLSE IR 45 SR 3k 4 k.

R4 BRBAEEHLEBFFE DRIVE HIREETHELLE

Training Segmentation

Method . . Sen Acc
time/s time/s
SVM 5739. 6 1342. 3 0.6324 0.9421
AdaBoost 749.9 14. 2 0.7958 0.9371
Random forest 2497.1 12. 6 0. 8354 0. 9482

M [8] O 4 B = 26 73 28488 » 1 T U ZRAE A 1Y
AP ARV ZRBEA BRI . SVM 935 52 2% 1 &
Sl 3 s FCN R o3 ) G B 55 2T i AN
AT S B 7 Rl B a2 W Tin EL il T [ A A R R
JEG P 83 T AN [7] B4 4% R K. SVM B00E 19 ok 0
RGP o 5 PR A 2 5% L 90 3 36 1 R IR AdaBoost 51
LA A SR SR VN SR TE] L (EL R S 0 A o A RO = Rl
J7 8 R R AR BEAL AR M0 284 A B 25 I R it
TR L B3 20 14 73 R I A0 2 350 A R e . £ AR
= 2RT5 ik BERLAR AR 7 28 i 2 focdd T T 22 R AIE w55 4
R 16 S8 A B LA O 26 s

X AR S 5 G Al SCHR B 05 19 1 BE L 452 23 91
JE/RTESR 5 M 6 . £ DRIVE #l STARE %4 &
Hh R4 e BT A M G MR A i L G e B
JERE R S P A R R A D M B LU B AR AR . LR
T TLAF 25 2 AL I If A o3 ) 595 7E DRIVE Al
STARE %46 128 B9 1 B - X o A% H AR SCH8 0k 7 fR Ik
e YA A4 [ I A R ) SRR . X T R 3 )
25 SR BE R AT RE MO B I A R L o A B 0 A I
ST

x5 DRIVEHEEMMEMNE S IER

No. Type Method Sen Spe Acc
1 2nd human observer 0.7796 0.9717 0.9470
2 Nguyen et al. [6] 0.7527 — 0. 9457
3 Yin et al. (7] 0.8644  —  0.9464
g Unsupervised - o o) 0.7240 0.9742 0.9533

methods
5 Wang et al. 12 — - 0. 9461
6 Zhao et al. [30] 0.7354 0.9789 0.9477
7 Zhao et al. 31 0.7420 0.9820 0.9540
8 Liang et al. [27] 0.7535 0.9724 0.9536
S‘ffz‘t;vgifd Zhu et al, [32] 0.7447 0.9838 0.9606

10 Fraz et al. [33] 0.7406 0.9807 0.9480

11 Liskowski et al. 18] 0. 8460 0.9673 0.9507

12 Dasgupta et al. 3] 0.7691 0.9801 0.9533

13 TP 0.8354 0.9591 0.9482




11 4 REALWIAE . BT 2 AL A B0 A I L R B o A R B 2577

% 6 STARE #1F 2 L W J& I 25 4> 2l 45 R

No. Type Method Sen Spe Acc
1 2nd human observer 0. 8951 0.9384 0.9348
2 Nguyen et al. L6 0. 7686 — 0. 9451
3 ~ Yinetal 0.8254  —  0.9532
g Unsupervised . 1) 0.7051 0.9710 0.9524

methods .
5 Wang et al. 2] - - 0.9512
6 You et al, [35] 0.7260 0.9756 0.9497
7 Zhao et al. (31 0.7800 0.9780 0.9560
8 Azzopardi et al. %) 0.7716 0.9701 0.9497
9 _ Liang et al. [27] 0.7909 0.9630 0.9503

10 Supervised g o al 57 0.8173 0.9733 0.9767

methods

11 Liskowski et al. [34]  0.9289 0.9710 0.9667

12 TP 0.8452 0.9619 0.9534

T DRIVE 845 Exb b 12 285 A SCny e
W3RN 0. 9482, M L HE 4 25 — i Zhu 58 AP BT 42
H B BE AL AR AR 15 B HERR 2 0. 9606 Ik 1 0. 012, 45
HEREkn 2 /N F 0. 01, BUKE Jr i, A SCHE 7%
A HER S B BURE 0. 8354 LR T Liskowski Jif
57 FH B R BE A 2 I 25 B A 7R o3 W45 R b R LR R
P& IBCHH /N M4 A 048 4 S T A Ab 3 3 PR G o R
[ AR SOV ) AR MR RO T DL i BT S B A SR A
DBAE G | M B S BRI R . AR
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Background

Ophthalmological diseases can cause vision loss, Diabetes,
glaucoma, multiple sclerosis, cardiovascular and other systemic
diseases of the retina will lead to retinal lesion. By analyzing
the quantity, angle, branch and curvature of the retinal blood
vessel, it can help the diagnosis. Traditional manual segmen-
tation is subjective and not repeatable. It will cost plenty of
time to extract lesion and vessel from abnormal images. That
is the challenge of retinal image analysis. Thus automated
retinal vessel segmentation is much needed for real-time
diagnosis. Retinal vessel segmentation

medical assistant

methods have greatly developed in decade. However, they
all have following disadvantages: (1) Fractured micro vessel
in the result. (2) Segmentation error of crossing vessels.
(3) Excessively huge size of the vessel in the result. (4) Less
robustness to the pathological retina.

In recent years, there are many method proposed for
retinal blood vessel segmentation including unsupervised
methods and supervised methods. Most of these methods
acquired segmentation results from single feature, which will
lead to too small vessel width or broken segmentation result.

This paper presents a supervised method for blood vessel

extraction based on multiple feature fusion in digital retinal
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images. Taken different feature into consideration, our
method can describe the retinal from shape, texture, micro
The proposed method obtains not only good

Besides

vessel et al.
performance in accuracy but also in sensitivity.
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and Jiangsu
( Grant
No. BK20140052) automated detection of hard exudates in

detection of retinal capillary hemangioma

Provincial Natural Science Foundation of China
retinal image. These works can be as the significant feature
of ophthalmological diseases and assist ophthalmologists to
analysis and diagnose.

This work was supported in part by the National Basic
Research Program (973 Program) of China under Grant
No. 2014CB748600, the National Natural Science Foundation
of China under Grant Nos. 81371629, 61401293, 61401294,
81401451, 81401472 and 51365017, the Jiangsu Provincial Natural
Science Foundation of China under Grant No. BK20140052, the
Jiangxi Provincial Natural Science Foundation of China under
Grant No. 20132BAB203020, and the Key Project of Science
and Technology Research of Jiangxi Provincial Education

Department under Grant No. G]JJ170491.





