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Abstract: Addressing the inadequate utilization of image spatial information by the fuzzy C-means (FCM) algorithm,
leading to poor robustness against noise and increased complexity in the adaptive parameter setting for the objective func-
tion, a rapid adaptive fuzzy clustering image segmentation algorithm enhancing spatial information is proposed. Firstly,
a novel operation based on enhanced spatial information is defined. This operation combines local and non-local spatial
information of the image into the FCM clustering using harmonic coefficients to enhance the algorithm’s robustness. Sec-
ondly, a method for rapid adaptive parameter setting is proposed, which efficiently assigns adaptive weights to the original
image and enhanced spatial information. This will enable the swift adaptive computation of key parameters for the ob-
jective function. Finally, sparse regularization is introduced into the FCM objective function, reduced algorithm runtime.
Additionally, a three-step iterative algorithm is designed to solve the sparse regularized FCM model, composed of Lagrange
multipliers, hard threshold operators, and normalization operators. Experiments on synthetic images and real images from
various datasets demonstrate that the proposed algorithm exhibits superior segmentation performance and computational
efficiency compared to other algorithms of similar nature under simulated noise conditions.
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�W, 	£�ÿ3P
��`�š� ,´.d
•�UGý . 
�!” , 
��¯+X�pG��é

���Œ�jMŽ�pG�0ªL$���Ÿ
¼�pG�0ªL$���Ÿ,´B3
¼3+�  ,
	£ aj>˜/j�j

aj =
Zj

Zj + ε
, (8)

�¦�] : Zj �j
.�ÿMŽ�pG�0ªL$���Ÿ,´�pG��é�� , ε�j�×�f

3+�  , �pG��é�� Zj 
�>˜/j�j

Zj =
1

(2n+ 1)
2

∑
Ȳq∈Nn×n

(Ȳq − T̄j). (9)

�j�é�ïAÑ1Ç , �6B3
¼3+�  ajFJE÷�?(10)F�>|�‚�0

	F�4*6 , 
��j�àB3
¼3+�  , 	£

δj =
aj − amin

amax − amin

. (10)

�04ø, �6�? (6)
��j

ξj = δjT̄j + (1− δj)ȳj. (11)

�jAñ�>�p���*�Î�j0ªL$���Ÿ,´�é#��Ç�š� �W7-�H

�¾	…�0,´0ªL$���Ÿ , �\�·���·)^ [13]�p��1Ç#� (
��¯+X

�¶�0/ý8�F2�ÄMŽ�pG�0ªL$���Ÿ )�Œ�j�)"�1Ç#� , 'f
>�¯

+XGibbsG÷�g�˜L¿�j+O�@�T�u�=
<,´
8�@
.�ÿ , �¦�Ð

�•E³Q��ö�Ö,´Q��ß�š� (ρ = 20%), �6�T/ý�õ�åF�>|

AØAê. �²�;�T�u
.�] , 
. 1(a)4Ò4ï�v�j�]�ó��	úFë��G-


��`�š� "‘��,´	j�� ; 
. 2(a)4Ò8¢4ï�v�j�T�Z6Š2«27

Eé5H-(�Ô,´G��6 , (b)�j (a)�]+X4Ò8¢�7Aà�v�7Aà, �́pG�

�ÿ3P, & 8¢	j���j�š� �ÿ3P , (c)�j	Ï�û
.�ÿ , (d)
¼(e)
�6�[�j�·)^ [13]
¼�p���*1Ç#��4*6
>,´ 3�Z6Š2«27Læ

�Ž�Ö�l .
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Fig. 1 The centre as well as the neighbourhood are corrupted
by noise
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1\ 1/ý�õ�å : �þ
. 1(b)�]
���-;�*�p�7#�
.�ÿ�ÿ3P
	j��,´�]�ó�ÿ3P
¼Fë���ÿ3PG->ÛQ��ö�Ö�š� .d
• , F	
/ý�õ�å�J�Î�Ð	ëL”�š� ,´Lî�Ö . �·)^ [13]
¼�p���*1Ç
#�
XF����f�‹
>*6Aê�:1Ç#��Ž�¾���02«,´Læ�Ž�Ö�l
�Ä�W�¾0.5, �v�·)^ [13]1Ç#�
XF���
> , G��6�ÿ3P,´Læ
�Ž�Ö�lG-�?�¾ 0.5, �²
. 1(d)�p/j , B$�>F	/ý1Ç#�Lî��
�6�¢
��`Q��ö�Ö�š� "‘��,´
.�ÿ ; 6<�p���*1Ç#�L”E³
�ALæ�Ž�Ö�F, �W�J� Læ�Ž�Ö
w�W�¾0.93, �²
. 1(e)�p/j ,
B$�>�Î�Ð0ªL$���Ÿ, �́é#�
�� �̧­�Á�fE³Q��ö�Ö�š� .

1\ 2/ý�õ�å : 
X�6�¢
.�ÿ�& , 1Ç#�7-
V9ç�ÇE³�j�¼
�¤-��7(™�ƒ,´Eé5H	q�6Gý?± , �²�Ì�}�¾Eé+|,´�ÿ3P�=
7->Û!“.ž�62«�6�J�¡
ý�6�¢2î�Ö . 
. 2(a)�]�p�7Aà,´
	j���J�­�}�¾�T�Z6Š2«27,´Eé+|�: , �·)^ [13]1Ç#��>
�p���*1Ç#��6�[
XF����f�‹
>,´Læ�Ž�Ö�²
. 2(d)–
(e)�p/j , G÷+X	…�00ªL$���Ÿ,´1Ç#�
X-��7Eé5H�4�9 4
�Z�ÿ3P&é>Û�62«KIB�; 6<�p���*1Ç#�,´�˜G�Læ�Ž�ÖG-
�W�¾0.94, �½!QAñ�>�Î�j0ªL$���Ÿ�é#�
�
XQ��ö�Ö�š
� �; , 
��
�1�6�¢
.�ÿ,´Eé5H4ö8² .

(a) (b) (c)

55

244 242

161

47
249

159

60

102
55

244 242
161

47
249

159

60
102

0.261

0.344

0.063

0.069

0.231

0.007

0.021

0.311

0.005

0.261
0.344

0.063

0.069
0.231

0.007

0.021
0.311

0.0050.083

0.906

0.357

0.011

0.897

0.482

0.021

0.324

0.431

0.083

0.906
0.357

0.011

0.897
0.482

0.021

0.324
0.431

0.981 0.973

0.0890.0240.308

0.2070.231

0.854

0.312

0.981 0.973

0.0890.0240.308
0.2070.231

0.854

0.312

(d)

0.012

0.031

0.031

0.001

0.011

0.023

0.014

0.036

0.021

0.012
0.031

0.031

0.001
0.011

0.023

0.014
0.036

0.021

0.983

0.952

0.941

0.991

0.980

0.944

0.984

0.939

0.967

0.983
0.952

0.941

0.991
0.980

0.944

0.984
0.939

0.967

(e)

0.004

0.017

0.027

0.007

0.001

0.032

0.001

0.024

0.011

0.004
0.017

0.027

0.007
0.001

0.032

0.001
0.024

0.011
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•

Fig. 2 Region boundary pixels are corrupted by noise

�Î�j0ªL$���Ÿ,´AÑ1ÇE÷0;�²1Ç#� 1(?ñ>˜1)�p/j .

>ž 1 1Í#� 1: �Ô�p0°L*���¥
Table 1 Algorithm 1: Enhancement of spatial informa-

tion

EÃ�•: �š� 
.�ÿ I , �×�f3+�  σ.
EÃ�*: 
.�ÿ,´0ªL$���Ÿ ξj .
1 �Y+X�?(4)–(5)AÑ1Ç	Ï�û
.�ÿ,´ “��!“ ”���Ÿ ȳj ;
2 �Y+X�?(7)AÑ1Ç̄yj , �́pG����Ÿ T̄j ;
3 �Y+X�?(8)–(9)AÑ1ÇB3
¼3+� aj ;
4 �Y+X�?(10)�‚�0	F aj , �Ç� �̀‚�0	FB3
¼3+�  δj ;
5 �Y+X�?(11)AÑ1Ç
.�ÿ,´0ªL$���Ÿ ξj .

3.2 ������FOFOFO8�8�8�F2F2F2�Ä�Ä�Ä	ò	ò	ò� � � AîAîAî5ž5ž5ž

�Õ�;�•,´�+�Ñ�_�j	Ï�û
.�ÿ
¼�Î�j0ªL$���ŸG}5ž

8*6,´8�F2�Ä	ò�  , �j�¶�$�­,´8�F2�Ä�6�¢�š� 
.�ÿ ,
�·)^ [14]���*�¶�)-��7�-� �£K^	ò� ,´8�F2�Ä4Ö�•�é

#� , 	£FJE÷	ò�  A
¼B�•B3�¤	Ï�û
.�ÿ
¼�j0ªL$���Ÿ


X6Š2«�],´"�Gý , �²�? (12)�p/j :

J (a)
m =

K∑
i=1

N∑
j=1

(u
(a)
ij )

m
[A∥yj − c

(a)
i ∥

2
+

B∥ξj − c
(a)
i ∥

2
], (12)


X�·)^ [14]�]F	�T�Z	ò� G-�_FJE÷AÑ1Ç	Ï�û
.�ÿ

�>�Q!“
.�ÿ�{L$,´5
�)�ÿ3P�� , �¦�Y+X5
�)��
¼�¦�B

� �Î)à	ò� ,´8�F2�ÄAÑ1Ç , �²�Ì�:F �T/ý���Ÿ���[E³

�W, 	£���lE³�W , �I>˜�>
.�ÿ
��`�š� "‘���UGý , �²�Ì

�T/ý���Ÿ�ÕF� , �I>˜/j
.�ÿ
��`�š� "‘��E³E« . F�6<

�Î)à
X�j�š� ,´�õ�å�; , �Q!“
.�ÿ���Ÿ
X6Š2«�6�¢�]

	•�k�,
`�} , 	Ï�û
.�ÿ���Ÿ!Q�{ , 	ý�{�Ö'f , �04øEî�`

!”# �̧¬K¯,´-�,´ .

�v�:F 8�F2�Ä�£3+,´AîAÑ�é#�E³�j4q*@ , �=�vM0

?±NÍ�F�E�•�à,´
��€ [13], 6<�DF	/ý4Ö�•�£3+?±FJE÷�=


8�-� �P�4,´�é�?�•�Î)à . F	/ý�é#�,´�§�ƒ!•PÔ�_ :
OÆ�xFJE÷�pG��é���F�£%��Ö�)�:F �T/ý
.�ÿ���Ÿ�Š

N´�4*6 ; �¦!Q�6�T/ý
.�ÿ���Ÿ,´5
�)�ÿ3P���¯+X
��B

� ,´�é�?�•�*0û4Ö�•�£3+ , !”�F , �jLb!’�6!ý�ÕF��¾ 0
�*)à�±�l,´�õ�å , M0?±5	�6!ý�Ð�•�0�Z
��€ eps(�±�?

�l ). 6<CO�7� �-� 6<CO�7� �-�  e−|x|-$�Õ
��6 x > 0

,´G��6-$�Õ�P�4�` 0�` 193
$�µ , 
�M0?±�6	Ï�û
.�ÿ yj
�>�Î�j0ªL$���Ÿ ξj ,´5
�)�ÿ3P�����•�²�? (13), �¦FJ

E÷�š� �Á�f3+�  g,´B38² , �ï
��Î)à�0/ý-$�ÕQ��x,´

8�F2�Ä4Ö�•�£3+ . �þ6<F¯�}�)�T/ý
.�ÿ���Ÿ�ŠN´�4*6

,´!•PÔ , �•�=M0?±+X�`
��`� ,´�é�?�•�’�@4Ö�•�£3+ ,
F�6<�9�x?ôF �̄¶�à
��€ eps,´�E�• .

∆φj = exp−(g · |yj − ξj|). (13)

�E�•��FO8�F2�Ä	ò� 
¼�Î�j0ªL$���Ÿ,´-��7�-�  ,
	£

J (a)
m =

K∑
i=1

N∑
j=1

(u
(a)
ij )

m
[∆φj∥yj − c

(a)
i ∥

2
+

(1−∆φj)∥ξj − c
(a)
i ∥

2
]. (14)

�\�?8²
X�*�¾�·)^ [14],´*6Aê�*.p�: , �)-��7�-

� ,´�£K^	ò� �Š�¶�à,´�iF�
¼�H	F , F�6<
�Q��x,´�Î

)à-��7�-� �£K 	̂ò� 8�F2�ÄAÑ1Ç .

3.3 �*�*�*�¾�¾�¾000000+¿+¿+¿!“!“!“�I�I�I	F	F	F,´,´,´ FCM1Ç1Ç1Ç#�#�#�


X�
Añ�§�9E³�­,´�š� �Á�f�Ë
¼8Ÿ�­,´�6�¢�W7-

,´�}���; , �\�·F�B�
.��Q�1Ç#�,´AÑ1Ç�x)· . 
�!” , ��

�*�¶�*�¾00+¿!“�I	F,´ FCM1Ç#�. B�1Ç#�FJE÷5	Læ�Ž

�Ö�-� �í�Ð00+¿�W , �¯�Ç�×+O,´Læ�Ž�Ö.�Le�§�9Q�,´

00+¿�W, �þ6<Eî�`L}�~F�1Ç�&L$,´-�,´ .

�*�¾00+¿!“�I	F,´ FCM-��7�-� >˜F �j

J (a)
m =

K∑
i=1

N∑
j=1

(u
(a)
ij )

m
[∆φj∥yj − c

(a)
i ∥

2
+
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(1−∆φj)∥ξj − c
(a)
i ∥

2
] + δ∥U (a)∥ℓ0 , (15)

�¦�] : δ �j00+¿
��€ , ∥ · ∥ℓ0 >˜/j ℓ0 
AGÿ93�  . "��² ,

∥U (a)∥ℓ0 �Ê�y�j U (a)�]MŽM&�s3P,´�Z�  , +X�²�;�?AÑ

1Ç:

∥U (a)∥ℓ0 =
K∑
i=1

N∑
j=1

∥u(a)
ij ∥

0
, (16)

∥u(a)
ij ∥

0
=

1, u
(a)
ij ̸= 0,

0, u
(a)
ij = 0.

(17)


��·)^ [15],´
_
� , �\�·AîAÑ�¶�0�Z�H	F�v�æ�•

�0�?	F�? (15).

!›!›!›PÚPÚPÚ 1 "r@�η(a)
¼C(a)

(η, C)=argmin
K∑
i=1

N∑
j=1

(η
(a)
ij )

m
[∆φj∥yj − c

(a)
i ∥

2
+

(1−∆φj)∥ξj − c
(a)
i ∥

2
],

K∑
i=1

η
(a)
ij =1, (18)

�¦�] : η(a) = [η
(a)
ij ]

K×N
, C(a) = {c(a)i }i=1,2,··· ,K .

!›!›!›PÚPÚPÚ 2 "r@�Ũ (a)

Ũ = hardδ(η), (19)

�¦�] : Ũ (a) = [ũ
(a)
ij ]

K×N
, hard�j.œL8�lF�1Ç1V , hardδ

�Ê�y�j :

hardδ(η) = [hardδ(ηij)]K×N
, (20)

hardδ(ηij) =

{
ηij, ηij >

√
δ,

0, ηij <
√
δ.

(21)

!”�F , 0 <
√
δ 6 min

j=1,2,··· ,N
{ max
i=1,2,··· ,K

[η
(a)
ij ]}.

!›!›!›PÚPÚPÚ 3 "r@�U (a)

U = normalize(Ũ), (22)

�¦ �] : U (a) = [u
(a)
ij ]

K×N
, normalize�j �‚ �0	FF�1Ç1V


' .

�n'f , B��v�æ�6�j 3 �Z!•PÔ: OÆ�x, +a�? (18) �Ç�`

η
(a)
ij , �³�_ u

(a)
ij ,´E÷$Q�l , �_�0�Z"Ñ�900+¿�W,´2Ç+• Q

2úLæ�Ž�Ö; �¦!Q , �Y+X.œL8�lF�1Ç�Ç�` ũ
(a)
ij ; �0
> , �Y

+X�‚�0	F�4*6�Ç�`�04ø,´Læ�Ž�Ö.�Le u
(a)
ij , �³�_�?

(15) ,´�0�HFlF��l . 
����O�Ù�ù�l�G���ˆ�€#��Ç�`

η
(a)
ij , c(a)i , �¦�04ø5��Ì�²�;�p/j :

η
(a)
ij =

1

k∑
r=1

[
∆φj∥yj−c

(a)
i ∥

2
+(1−∆φj)∥ξj−c

(a)
i ∥

2

∆φj∥yj−c
(a)
r ∥

2
+(1−∆φj)∥ξj−c

(a)
r ∥

2 ]
1

m−1

,

(23)

c
(a)
i =

N∑
j=1

(∆φjyj + (1−∆φj)ξj)(η
(a)
ij )

m

N∑
j=1

[∆φj + (1−∆φj)](η
(a)
ij )

m
. (24)

�p���*1Ç#�, �́Z��.1�²1Ç#� 2(?ñ>˜2)�p/j .

>ž 2 1Í#� 2: �!FU8 F8�Ê W3�6•2±
4���<�¨1Í#�
Table 2 Algorithm 2: Fast adaptive fuzzy C-means for

enhanced spatial information

EÃ�•: �š� 
.�ÿ I , 6Š2«� -� K, �×�f	ò�  σ, �š� �Á�f
�
�€ g, 00+¿
��€ δ,  Q2úLæ�Ž�Ö�7� m, �0�WF���!Q
�  T , �0�?B��� ε.

EÃ�*: Læ�Ž�Ö.�Leu(a)ij , 6Š2«�]�ó c
(a)
i .

1 �6�š� 
.�ÿ I �‚�0	F8$	jL$ [0, 1].
2 �Y+X1Ç#�1(?ñ>˜1)AÑ1Ç�*0ªL$���Ÿ ξj .
3 L¿�j�M�û	FLæ�Ž�Ö.�Le u

(1)
ij .

4 a← 2.
5 Gý�=�—>|.

i �Y+X�?(23)�Ç�`2Ç+•,´Læ�Ž�Ö.�Le η
(a)
ij .

ii �Y+X�?(13)AÑ1Ç∆φj .
iii �Y+X�?(19)–(21)�) η

(a)
ij F�>|.œL8�lF�1Ç , �Ç

� �̀§�900+¿�W,´Læ�Ž�Ö.�Le ũ
(a)
ij .

iv �Y+X�?(22)�) ũ
(a)
ij �Š�‚�0	F�4*6 , �Ç�`�04ø

,´Læ�Ž�Ö.�Le U (a).
v �Y+X�?(24)�$�à6Š2«�]�ó c

(a)
i .

vi �Y+X�?(15)AÑ1Ç-��7�-� �l J
(a)
m .

vii a← a+ 1.
6 -$�` ∥J(a)

m − J
(a−1)
m ∥ 6 ε�Fa > T .

7 F�
�Læ�Ž�Ö.�Le u
(a)
ij , 6Š2«�]�ó c

(a)
i .


��F , 00+¿
��€ δ�_�0�Z�£K^,´	ò�  . �ƒ δ = 0�& ,
00+¿!“�I	F�) FCM "Ñ�9�+�…�¡
ý , L¿-pδ�l,´�Î�W ,
FCM1Ç#�,´�f�‹FO�Ö�JCº�•Cº�� . F	GüFJE÷�0�Z/j�»
�•B$�> δ
��l�)F���!Q� ,´�¡
ý (�²
. 3�p/j ), �ÎP¼�)
B‘�j1\ 4 �?8²�],´
8�@
.�ÿ 1. 
. 3 	ý�Ä�¶�p���*1Ç#�
,´F���!Q� �ÃB��6�¢�ÿ3P� �> δ,´
��l�£3+ , �þ
. 3(a)
�]
���-;�*�ƒ�& , F���!Q� �½�•�=�J
��` δ,´�¡
ý . 6<
δ�l�•�=7-Aî5ž�Z�W , <­'fE³�W,´ δ�l
����Ð��1Ç#��f
�‹FO�Ö, �v+a�¾FCM1Ç#��\DÛ�JL¿�j�M�û	F6Š2«27,´
Læ�Ž�Ö, E³�W,´ δ�l	ý6<�J�Î�ÐKIB��6�¢,´�ÿ3P� Gÿ ,
�²
. 3(b)�p/j , �ƒ δ,´
��lCµE÷ 0.6�&B��6�¢�ÿ3P� �J
�U�—�Î�Ð . 
�!” , 
XAî5žδ�& , M0?±FJE÷�ÎP¼�6�¦�l�þ 0
�0�û�Î�Ð , �¦�J!QF�>|�ÎP¼ , ��9ç�Ç�0�£�6�¢�x�Ì .

3.4 1Ç1Ç1Ç#�#�#�AÑAÑAÑ1Ç1Ç1Ç�=�=�=�r�r�r�Ö�Ö�Ö

�\�?8²B�4öAØAê�p���*1Ç#�,´AÑ1Ç�=�r�Ö . OÆ�x,
�õN«FJE÷�‚�0	F�6 IEœ�’8#	jL$ [0, 1] , -(�Ä,´AÑ1Ç!•
PÔ� �j N ; �¦!Q , FJE÷1Ç#�1AÑ1Ç�Î�j0ªL$���Ÿ ξj , AÑ
1Ç!•PÔ�jN×(2S + 1)

2×(2l + 1)
2
+N × (2n+ 1)

2;
�½!Q, �6�p�9,´ ∆φ+a�?(13)AÑ1Ç, AÑ1Ç!•PÔ� �j N .
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X!ÿ!QF����] , AÑ1Çc(a)i , η(a)
ij , ũ(a)

ij , u(a)
ij 
¼J (a)

m ,´AÑ1Ç
!•PÔ� 
w�j KN , �wAî-��7�-� 
X1\ t!QF���
>�f�‹ ,
�IF���E÷0;�]�k,´AÑ1Ç!•PÔ� �j 5tKN ; 'f
> , �04ø
AÑ1Ç!•� �j (K + 3)N +N×(2S + 1)

2×(2l+1)
2
+

N×(2n+ 1)
2
+ 5tKN . �0
> , +Xn���/�p�9
�Gÿ , �9

(K + 3)n+ n5 + n3 + 5N3. 
�!” , �p���*1Ç#�,´�&
L$�=�r�Ö�04ø>˜/j�j O(n5).
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(b) B��6�¢�ÿ3P� �> δ, �́£3+


. 3 δ�>F���!Q� 
¼B��6�¢�ÿ3P�{L$, �́£3+

Fig. 3 Relationship between δ-value and number of itera-
tions and mis-segmented pixels

4 �Î�Î�ÎP¼P¼P¼�>�>�>�6�6�6�À�À�À
�\8²P¼Añ�p���*1Ç#�,´�9�x�W , �¦�6�ÎP¼5��Ì�>

�·)^�]���`,´��/ý�§�9��>˜�W,´ FCM
��ƒ1Ç#�F�>|
"�E³ , �¦�]�p#¹	ú�`,´"�E³1Ç#�	5�� FCM[8]�ÃADFL-
ICM[12]�Ã�· )^ [13]�] �é #� �Ã FALRCM (fuzzy adaptive
local and region-level information C-means)[14], SR-
FCM (sparse regularization-based FCM)[15]. �ÎP¼� �ž
	5���ê��
8�@
.�ÿ�Ã BSDS500[17]�™8¢
.�ÿ�Ã�·)^ [18]
�],´ AID(aerial image data set)F•�O
.�ÿ . �p�9�)"�1Ç
#�, �́û4ý�"
X�E@0�]F�>|�¶�ÿF , �u�=�½Gý�=�û4ý .

4.1 	ò	ò	ò� � � AîAîAî5ž5ž5ž

�\�·�p�9�)"�1Ç#�,´	ò� ��	Ï	ò63�·)^Aî5ž� �l
�j�k , �¦�m
�7-
X�
�1�ÎP¼�œ�£�W,´�}���; , �)!ÿ�Z
1Ç#�,´	ò� F�>|F2�ƒ�ÞB3 , �¯�¦G-7-Eî�`�0�­,´�W7-
�7�7
¼�6�¢5��Ì . Gý?±,´6Š2«	ò�  ; -��7�-� ,´�0�?
B��� η�Ã�0�WF���!Q�  T 
¼ Q2ú3+�  m �6�[Aî5ž�j
0.0001, 120, 2; �p���*1Ç#��×�f3+�  ε�Ã�š� �Á�f3+
�  g
¼00+¿
��€ δ�6�[Aî5ž�j 20, 8
¼0.6; �ÎP¼)ß�³�j

MATLAB 2022a, .œ �& �j : CPU �j Intel(R) Core(TM)
i7-13700K 3.40 GHz, �µ� �̂j 16 GB.

4.2 �W�W�W7-7-7-�7�7�7�7�7�7

�6�¢Aô�'�7�7G÷+X Q2ú6Š2«
.�ÿ�6�¢L�NÈ�]FJ+X
,´ 3 �Z�7�7 :  Q2ú�6�¢3+�  (fuzzy partition coefficie-
nt, VPC)�Ã Q2ú�6�¢'å (fuzzy partition entropy, VPE)�Ã
2î�ö)· (accuracy, ACC). 
��9�š� ,´�ˆ
X , �j�$�­,´
P¼Añ1Ç#��)�š� ,´R±���W , �E�•� �l �� �š"� (peak
signal-to-noise ratio, PSNR)�Œ�j�0N©NÍ�F,´Aô�' �7
�7 , 
X
.�ÿ�6�¢L�NÈ�] PSNR
�+X�¾>‘Gÿ�6�¢5��Ì�>
�6�¢	ò63
.�ÿ�{L$,´���2 , �¦� �lCº�W>˜/j�6�¢�x�Ì
Cº�­ .

4.3 $+$+$+�Ð�Ð�Ð�š�š�š� � � ,´,´,´�Ø�Ø�Ø�j�j�j
¼
¼
¼�é�é�é�?�?�?


X#{B��W�J� 6Š2«1Ç#�,´R±���W�& , �–65��FJ�h

�$+�Ð�0/ý�F��/ý	…�0,´�š� , 6<
X-O�Î)ß�³�] , �š
� 2«
»�=�r�DFJ�hG-�_�Z.�,´ . 
�!”�j�mGÿ Q��)à�Î
�õ�å , 
X1\ 4.48²
¼1\ 4.58²�ÎP¼1�]G÷+X�ö�Ö�j 5%∼
20%,´Q��ß�š� �•#{B�1Ç#��)Q��ö�Ö�š� ,´�Á�f7-
�Ë; �j�$�­ Q��1\ 4.58²�ÎP¼2�]
.�ÿ
�7-
X�PEÃ�]
�
�`�š� �¢� ,´)ß�³ , G÷+X�ö�ÖG-�j5%,´Q��ß�š� �Ã�B
-��š� 
¼
w	0� �̂W�š� �Œ�j$'
8�š� �•�Š#{B� .

4.4 
8
8
8�@�@�@
.
.
.�ÿ�ÿ�ÿ�:�:�:,´,´,´�Î�Î�ÎP¼P¼P¼

�\8²�6�À�p�91Ç#�
X
8�@
.�ÿ�:,´�W7- , F	GüF9

��¶ 3�u
8�@& �Ö
.�ÿ , 
. 4�j�p�91Ç#��)$+�Ð�ö�Ö
�j 5%Q��ß�š� ,´�6�¢5��Ì , >˜3�_
X�ö�Ö�j 5%�` 20%
Q��ß�š� �; , �p�91Ç#�,´�£
w�W7-�7�7 .

OÆ�x, �6�À
4�Z1Ç#�,´	ë Q2ú	F0;�Ö , VPC
¼VPE

+X�¾�6�À1Ç#��B�6
>,´ Q2ú�W , �k�ƒ�•B$ , L¿-p�š� 
,´�Ð�— , 
4�Z1Ç#�,´ VPC
XF@$@�;L}, VPE
XF@$@	wQ�.
�¦�] , ADFLICM
¼�·)^ [13]�],´�é#�,´
�	FFO�Ö�0
�� , F	B$�>�³���)Q��ö�Ö�š� MŽ�h�•�O . 0¦�¦	Ï
� , �k
?±�_
��j�³��G-�_�ÍM•	…�0,´0ªL$���Ÿ , �=7-�6
.�ÿ
0ªL$���Ÿ,´�H�ï�˜G�
��U . �²>˜ 3�p/j , 
X5%�š� �ö
�Ö�; , ADFLICM ,´ VPC 
¼VPE�6�[�j 87.8%
¼12.4%,
1Ç#��*�\
����6�¢
.�ÿ , �v�ƒ�š� �ö�Ö�Î�Ð�& , 	…�0
0ªL$���Ÿ�=Cã�����Ë�$Q�,´�Ç�š� �W7- , �p���,8$KI
B��6�¢ . 6<�·)^ [13]1Ç#�
��_�)
.�ÿMŽ�pG�0ªL$���Ÿ
F�>|�¶8�F2�Ä0Ç
�,´�iF� , <­'f�¯�Ç1Ç#��$�Ð&¥#k ,
�v �• ��#� �¼�@
XQ��ö�Ö�š� �‘ �&�; ,´ �6�¢�+�Ñ .
FALRCM1Ç#��9E³�­,´�6�¢5��Ì , �¦ VPC
¼VPE� �l
�•-(�)�£0c , F	�_
��j�³
X6Š2«E÷0;�]63<•�¶�$�=�r
,´0ªL$���Ÿ . SRFCM1Ç#��¯+X�¶�?#��v�æ
¼�’�1�–
5��´�s3P , B�1Ç#��)�š� ,´�Á�f7-�ËE³�­ , �v0c�Ê�W
�=�­ , �¦ VPC
¼VPE� �l#��ØE³�W . �p���*,´1Ç#�
X�=

<�ö�Ö�š� )ß�³�;�*�\C»�¾0c�Ê , "��²�p���*,´1Ç#�

X�=
<�š� �;,´ VPC
w
X97%���: , VPE
w
X1.9%��
�; .
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(b) (c)  FCM (d)  ADFLICM (e) [13] (f)  FALRCM (h) (g)  SRFCM(a)

1
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3


. 4 �p�91Ç#��)
8�@
.�ÿ, �́6�¢5��Ì

Fig. 4 Segmentation results of all algorithms for synthetic images
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Table 3 Performance metrics of all algorithms on synthetic images

�6�¢�7�7 VPC / % VPE / % ACC / % PSNR / dB

�š� �W�? / % 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20

FCM
98.5 92.5 89.0 88.6 3.6 13.6 18.7 19.4 99.4 95.2 86.1 77.9 12.3 10.7 9.9 8.6
92.2 85.8 86.5 87.6 15.6 26.0 24.7 22.8 97.8 77.1 67.7 62.6 11.4 9.4 8.4 7.7
89.2 84.1 85.2 86.4 20.8 29.2 27.2 24.9 95.8 74.7 62.6 57.4 10.7 8.6 7.3 6.6

ADFLICM
95.5 87.0 80.0 78.5 8.9 14.3 19.3 23.8 99.9 94.7 92.6 90.5 24.5 23.9 22.4 21.3
87.8 86.5 78.2 75.3 12.4 16.0 18.3 19.8 97.0 86.6 74.8 84.7 22.8 21.1 20.8 20.6
83.4 56.0 40.0 33.3 13.2 16.2 19.1 20.8 95.8 83.7 78.5 76.3 18.4 16.9 15.7 14.6

�·)^ [13]�é#�
94.8 88.1 83.5 79.3 6.8 7.9 9.7 8.2 99.9 98.8 96.7 92.2 27.5 26.7 25.9 24.1
87.8 76.5 70.0 67.1 5.9 4.2 6.3 7.6 99.3 96.3 94.6 92.8 29.7 27.7 27.2 26.7
84.2 70.8 63.7 62.8 5.2 5.8 8.5 9.9 97.8 96.0 92.0 87.8 28.6 27.6 26.3 25.4

FALRCM
96.3 95.8 95.1 94.4 4.8 5.1 7.4 9.2 99.7 99.7 99.6 99.3 31.4 30.4 30.4 29.6
95.2 92.9 90.8 88.3 5.4 6.7 8.2 9.1 97.9 97.7 97.5 97.4 29.6 28.8 28.1 27.3
92.8 89.8 86.6 83.7 4.0 5.4 8.5 10.1 99.7 99.2 98.7 98.3 30.3 29.3 28.6 26.4

SRFCM
98.5 92.1 91.2 89.5 1.3 3.5 4.1 6.3 99.1 97.5 89.4 95.1 30.4 29.2 27.3 26.7
96.6 92.3 89.6 83.2 3.2 4.1 6.5 7.4 98.1 96.5 86.6 89.7 30.6 28.1 25.0 25.8
95.9 87.7 86.1 80.5 3.5 5.8 6.7 9.2 97.7 94.5 83.9 81.2 29.1 28.9 24.8 22.3

�p���*1Ç#�
99.6 99.2 99.1 98.3 0.4 0.6 0.8 0.9 99.8 99.8 99.7 99.5 32.3 31.4 30.5 30.6
99.2 99.2 98.7 99.1 0.8 1.0 1.2 2.6 99.4 99.2 99.0 98.5 31.1 31.2 30.8 29.1
99.0 98.7 98.1 98.4 1.1 1.5 17 1.9 99.8 99.4 98.9 97.3 31.2 30.3 29.4 28.9

�Õ-p , �6�À
4�Z1Ç#�,´�6�¢�W7- , ACC
¼PSNR
�
+X�¾�ÊGÿ�6�À
4�Z1Ç#�,´�6�¢�W7- , 
<�& , �•5�
8?ö
?ù�x�Ì�ÿF 
4�Z1Ç#�,´-$?ò�O
� . 
X�p�91Ç#��] , �6
�¢�W7-�0��,´�_	Ï�û FCM1Ç#�, 
��jB�1Ç#��Z63<•�+
�…0ªL$���Ÿ , 
�!”�)�š� R±���WE³�� , �²
. 4 �p/j ,
FCM,´�6�¢5��Ì�]�u%��š� , ?ö?ù�x�Ì�0�� . ADFL-
ICM�)�p�9
8�@
.�ÿ	ëL”�š� �x�Ì�•�=�m�ê�? , �¦0c
�Ê�WE³�� , �p�9,´�6�¢5��ÌG-�*)à�AGÿ,´�š� �Á&é .
�·)^ [13], �́é#�
X�6�¢
8�@
.�ÿ 1
¼2�&
<�g�*)à�AGÿ
,´�š� �Á&é , 
X�6�¢
8�@
.�ÿ 3�&
6�’Eé5H�*)à�¶�Z

Ež�� . SRFCM
X�6�¢
8�@
.�ÿ 3�& , ��#��6& 8¢�9@�

�’	j��!“.ž�6�¢ . FALRCM1Ç#�,´�W7-�0�ÕF��p���*

1Ç#�, �v
X�6�¢
8�@
.�ÿ 2�& , �ˆ
XEé5H<Š	F)àB‘ . �p

���*,´1Ç#��=�õ�9E³�­,´�W7-�7�7 , 
<�&�6�¢,´?ö?ù

�x�Ì�•E³�­ , 7-E³�­,´�
+‰
.�ÿ4ö8²
¼Eé5H���Ÿ , F	

�‚
��¾�\�·�p���*, �́Î�j0ªL$���Ÿ�é#� .
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E³1Ç#�
X-O�Î
.�ÿ�:, �́6�¢�W7- .

�Î�Î�ÎP¼P¼P¼1 F9
� BSDS500� �žLö�j�ÎP¼�)B‘ , #{B�
�p�91Ç#�
X�¤�Z� �žLö�:,´�W7- , �p�91Ç#�,´�£
w�W
7-�7�7�²>˜ 4�p/j , �¦L¿�j�AF9�¶���u
.�ÿF�>|?ö?ù
�…/j�²
. 5�p/j . 
X?ö?ù�x�Ì�: , FCM,´�)$'
8�š� �Á
�f7-�Ë�0�� , 5��Ì�]�u%��š� . �>�6�¢
8�@
.�ÿ�&,´
�õ�å2«�l , ADFLICM
X�6�¢-O�Î
.�ÿ�&�•
<�g�*)à
B��6�¢ , "��²1Ç#���#�!“.ž
`�6�¢ 8 068�g�\ (
.�ÿ ),´
6ü�Ÿ
¼-��7 . �)�¾�·)^ [13],´�é#�
¼ FALRCM 6<@0,
<­'f�³���)
8�@
.�ÿ,´�6�¢�W7-�_
�?ò,´ , �v
X�6�¢
�™8¢
.�ÿ,´�?-��7
¼4ö8²�& , �J�*)àB��6�¢,´�õ�å ,
�²
. 5(e)–(f)�p/j , 
X�6�¢ 48 017 �g�\�& , KIB��6�¢�¶
Q��¬,´0Ç
� , �,8$?ö?ù�x�Ì�=*6�# . SRFCM1Ç#�
X�4
*6�™8¢
.�ÿ�&�x�ÌE³�� , L”�¶ 48 017�g�\�F�¦��
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XE«�Þ,´�š� 
¼�ZEž�� , F	�_
��jB�
1Ç#�
X�6�¢�=
<,´�™8¢
.�ÿ�& , M0?±�´�*�=
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�–5��´�s3P
¼B3�¤�?#�
��’�j�Ö , �,8$1Ç#�,´8�F2�Ä
7-�ËE³�a . -("��¦��1Ç#� , �p���*1Ç#�,´�Ç�š� 7-�Ë
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�]	ý�Ä,´�£
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. 6�p/j , 
.
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. 6 �],´1\ 3 �u$†"ú�6�¢�x�ÌE³�� , ��#��6
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¼ FALRCM

�6�[G÷+X�¶
.�ÿ,´MŽ�pG�
¼�pG�0ªL$���Ÿ , �¦�6�¢,´

?ö?ù�x�Ì���ê%��? . SRFCM
��j�¯+X�¶�’�1�–
¼�?

#��v�æ , 
X�6�¢�=
<2«�[
.�ÿ�&M0?±�=�ÝB3�¤	ò�  ,

�u1Ç#�0c�Ê�WE³�� . �p���*1Ç#�
X�6�¢
. 6�]1\ 1�u
.

�ÿ (�ƒ6â
j
` )�& , FƒD�	j���ˆ
XEé5H Q2ú)àB‘ , �¦��
.

�ÿ, �́6�¢?ö?ù�x�Ì
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Table 4 Average performance metrics of all algorithms for BSDS500 database

�6�¢�7�7 VPC / % VPE / % ACC / % PSNR / dB

�š� �W�? / % 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20

FCM 68.0 67.6 66.5 58.4 45.6 46.7 48.4 49.2 78.8 77.8 76.4 75.2 23.6 21.7 20.8 19.5
ADFLICM 76.5 77.8 77.4 70.2 31.1 34.4 33.3 34.6 79.4 82.3 80.1 79.4 26.9 25.3 24.2 22.7

�·)^ [13]�é#� 80.1 77.4 76.8 74.3 12.1 18.7 23.9 24.6 82.2 80.7 79.2 77.8 29.9 29.1 28.3 27.1
FALRCM 94.5 93.2 90.8 88.7 2.6 4.1 6.5 7.2 98.0 97.6 95.4 94.7 30.4 29.8 28.8 28.4
SRFCM 95.1 92.1 91.9 90.1 2.3 5.6 7.8 9.2 97.5 98.2 94.1 93.4 29.4 28.8 28.5 27.4

�p���*1Ç#� 99.3 98.7 98.4 98.2 0.9 1.3 1.5 1.7 98.8 98.5 97.9 96.4 31.7 30.2 29.4 28.9
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(b) (c)  FCM (d)  ADFLICM (f)  FALRCM (h) (a) (e) [13] (g)  SRFCM
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Fig. 5 Segmentation results of colour images by all algorithms
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(b)  FCM (c)  ADFLICM (e)  FALRCM (g) (a) (d) [13] (f)  SRFCM

(i)  FCM (j) ADFLICM (l)  FALRCM (n) (h) (k) [13] (m)  SRFCM
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Fig. 6 Segmentation results of all algorithms for AID images
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Table 5 Complexity of all algorithms

1Ç#� AÑ1Ç!•PÔE AÑ1Ç�=�r�Ö

FCM N ×K × t O(n3)

ADFLICM N ×K × w2 × t O(n5)

�·)^ [13]�é#� N × 2S + 12 × (2l + 1)2 +N × (2l + 1)2 +N ×K × t O(n5)

FALRCM N × S2 × l2 +N × (3w2 + 3) +N ×K × w2 × t O(n6)

SRFCM N × w2 × v2 +Q×K × t O(n5)

�p���*1Ç#� (K + 3)N +N × (2S + 1)2 × (2l + 1)2 +N × (2n+ 1)2 + 5tKN O(n5)
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Fig. 7 The average operation time of all algorithms
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