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Grain Segmentation of Ceramic Materials Using Data-driven Jointing Model-driven

LEI Tao' LI Yun-Tong® ZHOU Wen-Zheng® YUAN Qi-Bin' WANG Cheng-Bing® ZHANG Xiao-Hong'

Abstract The research of the distribution of ceramic grain sizes is significant for estimating physical properties of
ceramic materials. At present, researchers mainly use manual methods to measure ceramic grains, which leads to
low efficiency and large error due to the irregular shape and different sizes of grains in ceramic images. To solve this
issue, a new algorithm used for grain segmentation of ceramic materials is proposed in this paper. This algorithm
first performs image pre-processing to solve the problem of intensity inhomogeneity caused by surface reflection of
materials in the imaging process. Secondly, a robust watershed transform (RWT) is presented and used for pre-seg-
mentation of grains in scanning electron microscope images, which solves two problems existing in traditional water-
shed transform, one is over-segmentation and the other is the difficulty of balancing the number of segmentation re-
gions and the accuracy of boundaries. Finally, we present a lightweight and richer convolutional features network
(LRCF) used for grain contour prediction, and use the results generated by LRCF to optimize the pre-segmenta-
tion result. Compared with popular image segmentation algorithms, the proposed algorithm shows two advantages.
On one hand, it achieves more accurate grain region segmentation due to the employment of RWT; on the other
hand, it provides more accurate grain boundaries due to the optimization of LRCF. Experimental results show that
the proposed algorithm not only provides accurate grain sizes of ceramic materials, but also shows high calculation
efficiency, which is significant for property analysis of ceramic materials.
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Fig.2  Comparison on original and pre-processed images
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Fig.5 RWT suffer from the problem of double line contour

BB 2. WA MR X EPAT RS I 5,
MR R Ghs2Tis Fa R, ik (12);

fm =, b= 8 (e(0)) (12)

Hr, b BREIMEEXIE, 1=1, -, L, fr &
TRIF R G BT IE S 1R 45 R

B3 W f, BRI, R X
Wb, I E RS

FF L R B ARAL T 00 ) 5 EAT AL, 4553
WA 6 . AR, %77V T AR Yt B WL i)
3 HAEAE ) ESE B TR,

AT HE AR T BB OAG 1EE J6  H 45
St BE AR SE B B MIBEIE, 51 NIE T A 22
S0 1) PR 20 R T A TR . 55 b 420 19X 245 300 40 A ) A
HRAST1 1 Jo PR A 72 T FLHRER P 2 G AT 15 R M
LRAFEZ NG L, KEHIET ONN M4 [0 2%
B RAUAL R R RN & 1 G — 2, R
RIS B BUR T HRZ AT R, 55 85
9% 28 A 8 T S SR i R B2 K. RCF 236 T
VGG16 M M4 HELE, K A ok B ERZ I E
R E A B B — AN AR HE S, B IL 205 B

HA G2 8Hv Bal¥ 2] 2 REMZ ZR 0
k. £ T B BE B 2 1T, T 5 o SR A R R K
N, Mg HEG ST, i E G4 F RCF
W 28 THEAT T IR A% 34 SR 5 FH WU A A LV 0 1 2k
W N R AR RN s B Ja X 6 3 2 B 1) ~F- 3
LiTfael

FIH RCF W48 15580 ] LAAS 250 AE 6 1) ok
FEBR, H RCF MR AFAERIRR, 2802 | ISRk
PS5 A, R, RCF W48 X6 115 R0 N A7 B2 YR VE #E
B, AT Rz 8, R IR AR S AR
(Depthwise separable convolution, DSC) & X
RCF M bsiEER, WA RIR 2N FE S
FRARFAE I 28 . TR B2 AT 53 B8 o ARUR s 1 5 AR 2 il 1R
FEGARAIZR SAGR, WK 7 B, B AN RHIE R
SN Dp x Dp x M SiHFHIEEIRSN Dr x Dp x N,
BRI Dk x D x M x N, WARHEE TR
THHE N D% x M x N x D%, DSCITH & AR
FEBRFNIE m AR T E B2 T D2 x M x D%+
M x N x D%. 5Hp#EHMHLE, DSC Kttt H &7
GERCAPRAESRN (1/N + 1/D%). K 8 45 7 LRCF
(R 2 S p I, HA R O/MY 13.7 MB, 21

(a) RWTZr¥4E
(a) The segmentation result using RWT

K 6

(b) ¥H(a) BRI (c) ERRRLHIE 24 TR He
(b) Removing double line from (a) (c) Comparison of figure (a) and figure (b)

LR

Fig.6 Removing double lines
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RCF BLAK/INET 1/8. % LRCF BT W & fn ki e g3 ShORL R G BE 8 S AN HE, T 2% T LRCF A RWT
BRI, 254 RWT s 3 4 'ﬁ*ﬁiﬂ)&A%lszJE’J (LRCF-RWT) SZIL I B 5 ok 20 1) 25 RN R %

Wi el 281, S5 SR AN 10 o, p oA AT 45 SRATAER (1 dohr X3, 17 EL SR I T 5 g v A 1D o b
R, g BNRAHTZE R, y 269 Ground Truth. H %)‘“ SENL, Gk 10(b) ~ (c) Fias.
Bl 10(a) ATLAE H, 2T SE 5 RWT (SE-RWT) LA Uk P B BRAE AL R AN R AR

ST W L 4 1 R S AR BT, R T R BEATHRIE, 19 BIIFRE 25 RS2 AR A 5 5 B AR
PN . BAR NS N BA I & A AR, (22
T AR R R BT e bm i B A AR e — Bk
DRI, o 45 i PR R by 45 RO A, 2B ok
I 2w 1, BUETE RN [0, 1). Horfr, 0 FoRik

?&%ﬁﬂ AAREE B AT AL GG R, 1 R MARE
) S tion FHAG BRI AR R . DGR 1 (I
1 {6 0.5) BN IEREAR, BERESET 0 9Id 8 Tk
of O O - T . PR B e e 05 A A S 14
Dy — M R, € IR
b) PREER a-In(1 — P (X;W)), if y;=0,
Depthwme convolution I ( X W) 0, if0<y <7
B-InP(X; W), otherwise
(13)
, Y Y|
N—> = = 4
o R S G e e N TG e T B
(c )Pomtw1se convolution ﬁ':':' v+ R Y- /\DUﬁTIEFIéZ'K%%DJ\ﬁéZ'K% o
B 7RISR B 3 RN IE SUREAHT 5 BRI LB, A 3R
Fig.7 Depthwise separable convolution INEZE, TP . OREARRI ], X, Ry
B B 2 g3 i 4 BrEe s
1%512/ 5%
% ﬁ%m =
1
HM _{é
55*/ %A\Hj
KRB

%‘FﬁEm?&Amﬁ g

Kl 8 LRCF M4ty
Fig.8 LRCF network structure
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ags TR R ERBUEEAP RSB E. P(X)
FEFRAEY Sigmoid BREL, W RINTESE 24 > 21
G 24, mABRBIMBRRE AN (15), Hr
XBF XS sy Rk E k ERES EREOEE,
|| ZnEUE T HRIIE R, K RREH
Il / K
rw)y =Y (Zz (X}’”;W) +1 (Xf““;W))
=1 \k=1
(15)

H LRCF 15 3 1 IR 60 FE T 45 S an B 9(a)
Fios. %45 REW, LRCF BE08 S BB 4 10 W & 5
RLAE LTI 45 3, 0% 45 SR AT 73 K AL 4, 45 1
W 9(b) Fizn. y 263K Ground Truth. HE 9(b)
AR, S o R E5 RARAE o  R) R, SR
E|GE RIF NG A B, B LRCF BE#E B 43 K&
AR AT N IR R e L. 5 4 i RWT
L5 R AH L, LRCF (MBk A 7E T X300 B R ™
PEFAAE T HE A L 5 1.

BOR 1 B T 5 RIS IR ) oL o)
g

M. f_rwt (RWT 3EIER), f lrcf (3F LRCF
B R), m (ET LRCF M54 R Fa 2 a4

W, g (MR

1) EX f_lref #-% label,

2)for 1 =1,2,---, my

3) Fk f Iref F label = i FIALE L;

4) #aE LLE f_rwt FHIFRZS label_rwtl, label _rwit2,

5) M L sk E T & B oK HIRRAE, B4 label _rwt;

6) label = label rwt,;

7) end.

ik, ASCRIA LRCF X RWT (45 5Lk A7

B P | (i

N = ~ ¥ 5
(a) =T LRCF o %e 3 1 (b) ZFLRCFHIMGR-

WL R
(a) Contour prediction using LRCF  (b) The segmentation result using the
combination of LRCF and MGR-WT

b, B SRS IK B 1 77 5, TERFF RWT
53 B X IA AR (1 50T A BT RWT HI%2JEE 2 A7
KGR, MIsE8l LRCF 5 RWT WA B Ak, FREL
SEOF R ok o RIS R, BAR WL 1 R, R A
%1, ME 4 RWT g5 Rk, g5 aiE 10
Frow. WNEH T LR A G I 2 58 s, B
AT JG I AR Gl NFTF LRCF 43 &) 45 il 4 %)
TR

2 SLIRZER

N T AR UG A B S HE AN 35 55 1] jUT SI2 36 45 S
R AT, WP 4L M % SEM EU& A v S 56 3
5, 5 1 AR RE L RIM & SEM BIR, 28 2 H 2
Zeid T A% e A B S 2 RGP B SEML I
%. AT HiF LRCF-RWT 4> #1#8E, 1£H Liu
S0 PR R T IR 2R 2 R B (Morphological
gradient reconstruction, Liu’'s-MGR). B &
(Random walker, RW)F, SLIC", LSC!""\ Baner-
jee SEPFR MBI, SE KBS & 7 /KIS AR 4 1) 7
% (Structured edge based watershed transform,
SE-WT)™., SE i JZ 45 & H i B P 245 5 B 7K
%A 752 (Structured edge adaptive morpholo-
gical reconstruction and watershed transform, SE-
AMR-WT)!" RCF 4 & 4 KIE A # (RCF-
W) 777 5 A SCH ) LRCF-RWT #4754 EE.
R LU SRR A TR #E4T S8, S
50—, Hp LRCF YIZR 1 BRI SHn = 0.5,
A = 1.1, IR I B kv K 4R,

LRCF M 7E Intel Core 199900X @3.5 GHZ
128 GB RAM, X NVIDIA GeForce RTX 2080Ti
GPU TARuh AT ISR, gifE3h 50 Py Torchl.2.

i T Liu’'s-MGR %%, SE-WT A RCF-

‘N
y 2k

(c) BT LRCF 143 %145 2 5 Ground TruthXf bt
(¢) Comparison segmentation results of
LRCF-MGR-WT and Ground Truth

K9 T LRCF 570 /KR 5 7) F

Fig.9 Image segmentation using the combination of LRCF and watershed transform
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(a) EALHISE R

(a) The result before optimization

(b) fEf s
(b) The optimized results

(c¢) Comparison among (a), (b) and
Ground Truth

10 feERfie

Fig.10

WT BVEAE 53 E| 2 0  BT #RAFAE R 2 PG /N X
W, N T AR, ARSI E R AF
B f Xt b ykrh, B Liu’s-MGR. SE-MGR-
WT Fl RCF-MGR-WT {E %t LR

7RG RISLE

B 11 /% 1 Al B CRESER) %
g, B — AR — Rk BUE, B 11(a)
9 Lin's-MGR 73 #1458, BRF 0N 5, NG
ATULE AR R IR IR R KT /%], B
T SL 90 AR oL 2 ) K FEAE A B B B 2 R, B
DL i 5 T SRR 1 73 B B0 45 A E H T AR R S5
BEIE. B 11(b) ZBEALFEE Mo El s R, 7R
SRR T 60 MM AL, 5 Lin’s-MGR #iEL,
BRI EIRE A BT, (EZ B2 o 1 2 AR
THIUEF T 2 R DU IRAAL B, R M il B 5
B EGREAE D E1. B 11(c) A 11(d) R FEBEIE R
HLM g R, B 11(c) & SLICHI /#4831, %
R o B4 /NS5 TAREBS RN, T e &
Fe AL RN — L TEARASKIN, 1 H SLIC X K AR ¢
U, FrLL SLIC AEH T EE. K 11(d)
& LSC MinrE g , 5 11(c) Mk, ZHEA 2
(1745 0] i F I e A B HERR, {25 SLIC A [FIFf
ki, RIEDERHME R K AR BUR, S80S o
#]. B 11(e) 2&3CHA [30] $EH M EVE S RIZR, %A
R B S RN, BE 2R, S8y
FEER, T HAZEVE AR B 3 H BB &8 0 1
K. B 11(f) /& SE-MGR-WT 43 #1455, 4y #45
R5 LSC 4145 B AL, 2 LSC % diki i 43
EEAERN. B LSC K EIs R R ESR
B, H SR HBA T U A X, MR
SE-MGR-WT [ %45 545 2 0 ok X 38014 & H
e ahar. B 11(g) & SE-AMR-WT )5 E145 5,

2.1

Contour optimization

HE11(f) M, PR BEN 2 RS %
HFXIEE AT A, EESCR T B R R
#, FTCOZ AR T kB 2 S, R E
TERIET, E R 7 H55 FAFAE R FC B ). 1] 11(h)
& RCF-MGR-WT X} 7 [ 4 81 45 8, %5805 FH
I 268 % S R AR R AT X 38 A, ¥ 2 R AE Kb 7T 40T
I EDGAEFIER T SE-AMR-WT, {HiZE 0%
GER B E, B 11() A LRCF-
RWT &g 1, 5 FREEM L, 25k P&
i R 3 A, [R] B R R T XU R ) R, 4y AL
Rl

Bl 12 45 2 i G (B ER) 1ol
Fxrte, B —sARR —ELREE, #eE R
GEAR I K FE ARG E 4. 5 11 M,
Liu's-MGR fEW/DN T KFEE IR 2 5, 57545 3%
REME IR 2 M & 5, (AR B SR 8. i TRl AL
W 325 K EEAE AR, RIEIE 12(b) 5K 11(b)
T, 75K FE A S 9k 55 1A 1 50 R, SLIC F1 LSC
) 43 B0 45 AT SRAFAE 7™ R 8] H AL #
SR 5E 11 YA AR GE, K LRCF-
RWT FRILH el 45 5.

SEIHRARRTEL

N BE— 0 AR 7y BRI RE, A SCR
HI 4 TSR bR 73 B G R AT, 7000t S
% (Covering, CV)", A240f5 B (Variation of in-
formation, VI)*L 4 Jj— #1412 7% (Global consist-
ency error, GCE)" M1 f i #1% % (Boundary
displacement error, BDE)"!. Hr CV AKX,
R oy E 45 FBLT; VIL GOE # BDE [/,
IRy H 45 TR T

N T PN SRIRRE i B AN R AR PR T 500 7 B 25
(RISZNE, FEbmt EE I [RIAE R SEEG RG22 4, R 1

2.2
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Image 2 Image 3

3 M
I et

(a) Liu's-MGR

(e) Banerjee's

Image 2

(j) Ground Truth

K11 -l HIg Rt CRikeEG)

Fig.11  Comparison of the first group of segmentation results (unplated image)

A Kb B W) S H A B a0 B R SE S R AR P I E,
2 R4 a1 M EE R B o R 1) SRS FE b T3
. NE 11 7 LLE 1, Liu’'s-MGR Aid T 5256
BI%, BEPLIEE S Liu's-MGR AH L HER 245 i
Th. XL 1 /T LAE H, Lin’s-MGR 1 CV $85F5r1R
fi%, BEALIEE R CV 4845 Liu’s-MGR . WA 11
ATLLE Y, SLIC 43 B 45 R IEA MR, B LSC &
FERSRBAEARE R, (HREZFEEZBEK
FEAE SR, H AR TE R 10 48 A A X,
FrbLh 2 ML CV B EL. SE-MGR-WT 5
LSC A0, 23 %045 B0 B A6 X3, B DOz RV 1)
CVEKT LSC 1 CV {H. {H2 SE-MGR-WT i
SyEIE ) FLY SE-AMR-WT 58 IR 7 i 201 i)
5, CV fatr KIRERTE. WEGHRTLEH, X

R [30] M5V R85 oA HERA M 4> ) H S oRE, BT BAiZ
HEM CV {E EE SE-MGR-WT ok, {HE%32 K
RN, B3 DLy ) B 25358 23 1) o
i CV EH/NF SE-AMR-WT. RCF-MGR-WT
(1) 7y B 5 i oy BAAR ™ 5, PRz VA OV E
tt SE-AMR-WT i, 1 RCF-MGR-WT #4134
SUERA 2, RICNZEIE R BE BARZE T
SE-AMR-WT /). fHHEH A%, LRCF-RWT 3K
137 BRI S IR AR AR,

ST 2 LI, R R TR TS,
Liu’s-MGR. BEHLIFE . SLIC PL & LSC [ SL5: 15
FRE 1 250, IR L BE A 2 T AR (0 2 ERE S
RCF-MGR-WT FIHIR Z R AR Z R REE, B
i lfam, B RAZ IR, SR [30) &
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(a) Liu's-MGR (f) SE-MGR-WT

(i) LRCF-RWT

(e) Banerjee's

B 12 ARG REI (EEEB)

Fig.12  Comparison of the first group of segmentation results (gilded image)

X1 ARITFENBE R B PERETR bR L F 2 ADRITFENBEE R BT RETR bR L
(58 1 15258, RIEEEE) (36 2 e, HamER)
Table 1  Performance comparison of different ap- Table 2  Performance comparison of different ap-
proaches for ceramic grain segmentation proaches for ceramic grain segmentation (the second
(the first group of experiments for unplated image) group of experiments for gilded image)
Methods cvt VI GCE | BDE } Methods Ccvt VI GCE | BDE |
Liu's-MGR®™ 0.2889 3.4270 0.4742 7.3230 Liu's-MGR"™ 0.2622 3.8053 0.3565 6.9440
Random Walker®! 0.3556 2.9003 0.1407 13.2147 Random Walker®! 0.3823 2.9517 0.2202 16.4378
SLIC™ 0.3547 3.0524 0.4396 10.1678 SLIC!H 0.3279 3.0962 0.4070 11.3350
LscH 0.3455 2.8820 0.356 3 7.5911 LscH 0.3347 2.8418 0.3265 8.0651
Banerjee's™) 0.5959 2.1992 0.2031 3.9182 Banerjee's™! 0.7035 1.7175 0.1052 2.7484
SE-MGR-WT? 0.4680 2.3887 0.1364 5.0346 SE-MGR-WT# 0.7979 1.2031 0.1033 2.0565
SE-AMR-WT! 0.8287 1.1280 0.1122 1.6261 SE-AMR-WT!! 0.8757 0.9909 0.1110 1.2623
RCF-MGR-WT® 0.6636 1.4952 0.0955 3.5651 RCF-MGR-WT® 0.5771 1.7691 0.0895 4.8813

LRCF-RWT 0.8697 0.8710 0.0763 1.6262 LRCF-RWT 0.9217 0.6699 0.0628 1.0201
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#%.SE-MGR-WT. SE-AMR-WT L} LRCF-
RWT RIsRIEFa Xt L3R 1A Frde T, BTt
A DA HIX 3 M EEER 12 Mo R4 R EE 11
Uf. UL B AT el £, ) 5 S A0 G 25 SR R S
IR B A RS H 458 —3, LRCF-RWT
()53 BN R B i, 40 S HERF 2Rt .

mn R TITE

1E5E UG 43 Bl 2 5, wnT LAXS ftosn R~ kAT
. RGBT, el SA SRS TF, 1t
if ] LA 32— & R BT A 1 doRi L H LR R R
SR A A 3% BRI BB R RTINS 3 AT 1 i
B, TR RSE R IME, TS TR R AL
RIETE, @i 15 2 ok i AR A 2 v L EAR, B

2.3

Zm L RSE . Hodr N T 7 SO R EUEOE A 5
ANTEIR KN R 351 53 () R, 0 it R R~ 3R
BB, B N T & 2 2R S & 3 LS e O
B LI 3% 5 A7l & 55 43 00 0] S50 EUR AT I & 45
FI I B B WSR3 PR, 72 bR ORE A B /ME
S, X R P IR, DA SR 98 55 32 0 R 2% 0
HEIEm, HEEEMNTNES RE 4 For.
M 3 MK 4 LA H, N TIEMRZESK, H
W& sz s EOK, M SR 2% ). % 5 hk 4
FEES R R A SRR S Ground Truthf) %
8, ATLAEH, 4 LRCF-RWT 55X} Eb L4
b, 19 20 Sk RF R s g R, i — P IRE
TR AR,

F 3 ANLMEEKRRSER (BER)
Table 3  Grain sizes using manual method (pixels)
MEH 1 MEH 2 MEH 3 MEH 4 MEH 5
1 94.55 89.17 93.39 94.22 88.51
2 90.92 100.33 105.38 91.48 99.91
3 107.50 100.91 102.09 96.49 89.91
4 101.61 89.91 92.08 94.42 93.38
5 108.31 103.88 95.16 102.45 93.52
6 112.51 108.21 112.34 109.70 107.84
7 101.85 104.13 102.80 94.40 89.73
K4 AR R LR T B AT L (19)
Table 4 Comparison of ceramic grain sizes using different approaches (pixels)
ATLJE Ground Truth Liu's-MGRF  RWE SLIM LSC'™  [30)] SE-MGR-WT!¥ SE-AMR-WT" RCF-MGR-WT? LRCF-RWT
1 92.26 97.80 88.00 195.16 74.33 63.95 92.58 48.88 83.73 63.07 98.56
2 97.24 98.00 85.60 161.54 74.48 63.66 86.59 55.09 94.34 75.08 99.15
3 99.83 92.33 82.81 175.15 76.66 62.39 105.29 50.92 90.52 63.08 92.47
4 93.29 93.34 65.97 206.96 75.72 62.73 86.45 53.17 87.70 65.21 92.48
5 100.50 96.09 74.38 192.80 75.99 68.04 102.02 67.25 93.87 59.95 96.76
6 110.08 98.93 69.83 177.56 76.48 70.01 104.08 76.38 96.00 59.31 100.65
7 99.68 96.61 78.18 183.03 75.50 71.71 114.28 85.29 93.98 53.59 97.67
x5 ARTRE AR RS RT SRR E (BR)
Table 5 Error comparison of different approaches on ceramic grain size computation (pixels)
Liu's-MGR? RWE! SLIcH LscH! [30] SE-MGR-WT? SE-AMR-WTH! RCF-MGR-WT® LRCF-RWT
1 —9.80 +97.36 —23.47 —33.85 —5.22 —48.92 —14.07 —34.73 —-0.76
2 —12.40 +63.54 —23.52 —34.34 —11.41 —42.91 —3.66 —22.92 +1.15
3 —9.52 +82.82 —15.67 —29.94 -12.96 —41.41 —1.81 —29.25 -0.14
4 —27.37 +113.62 -17.62 -30.61 -6.89 —40.17 —5.64 —28.13 —0.86
5 —21.71 +96.71 —20.1 —28.05 +6.07 —28.84 —2.22 —36.14 -0.67
[§ —29.10 +18.63 —22.45 —28.92 +5.15 —19.55 —2.93 —39.62 +1.72
7 —18.43 +86.42 —21.11 —24.90 +17.67 —11.32 —2.63 —43.02 -1.06
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