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ABSTRACT 

The main purposes of this paper are to investigate the characteristics of 
motorcycle flow in a mixed traffic, to identify significant factors affecting the 
motorcycle-following behaviors, and to construct models that can properly 
describe the relationship between motorcycle acceleration rates and these 
factors. A field observation is conducted and outcomes shows that only 13.8� of 
the overall samples reveal a motorcycle-following phenomenon. Statistical tests 
show that the significant factors affecting motorcycle-following behaviors 
include relative speed, space headway between a motorcycle and its leading 
vehicle, and acceleration rate of leading vehicle. General Motors (GM) five- 
generation models are firstly attempted to explain the motorcycle’s following 
behaviors in two cases: (1) only one leading vehicle in front; (2) two or more 
leading vehicles in front and neighboring-front (including either left-front, 
right-front, or both). The rather low values of the coefficient of multiple 
regression determination (R2=0.20~0.29 and 0.06~0.14 for both cases) and 
relative large root-mean-square-error values (RMSE = 0.73~0.81 and 0.89~0.97 
for both cases) imply that all of the GM models have poorly described the 
motorcycle-following behaviors. Therefore, we further propose a 
motorcycle-following model by incorporating the adaptive neuro-fuzzy inference 
system (ANFIS) with those significant factors that affect the motorcycle- 
following behaviors. Compared with the GM models, the ANFIS model 
outperforms with much smaller RMSE values (0.16 and 0.34 for both cases). 
Moreover, the Q-Q plot correlation coefficient tests also reveal that the 
predicted acceleration rates have a highly strong positive correlation with the 
observed acceleration rates in case (1) and a strong positive correlation in case 
(2). It suggests that our proposed ANFIS model can satisfactorily capture the 
nature of motorcycle-following behaviors in a mixed traffic. 

Key Words: Motorcycle-following behaviors; General Motors (GM) model; 
Adaptive neuro-fuzzy inference system (ANFIS) model 
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�E�FGHIJ�+6K�'<�LMN�OPQRST�������UVW��X

�YZO+6 (*��[\]P) +��������	8�
�^_`��abL 

[1-5]F��cd [6-10] �ef�	Yg [11-14] hij�k$l�m [1] nbopqrst��a

bL8uvwx�yz��abL{8|}�	~�
�cd��� 1.5����abL

8|}�	��� 0.5 ������� [2-4] ����L8����)��+��~6+y

z���'����+��~�,'����L��������+��~�� 16kph

K���L���� 1.5 ���2.5 ���AB��� ¡��	8¢£�S�¤¥|}

��	¢£~¦§¨©ª« 12�¬�­®�� 3����abL�k�|}¢£~¯�

4.22 ��(2 �°3 ��)�l±² [5] ³´uv�µ�L{8��	wx�nb¶·¸¹º

»��K¼½��¾\)[\¿6)ÀÁ��8ÂQ+����Ã¡��	�
-�Ä

Å�ÆÇ�
ÈÅjÉÊË�ÌÍ���	YÎ��Ï¾\¿6YÎ8ÐÑ�Ò�Ó4�

�8�QdÔ��ÕÖ+��×Ø�1Ù�Ú[\¿6YÎÐÑ�Û�Ç�
ÜÝ�bj

ÉÊË�Í¥
����	YÎ�Þ,1+d� 

ßàá [6] �bhâãäåæçèéj� �	êëì�&���í�î½�®ï�

�êëð½ (motorcycle delay equivalent) çè� êë�Wñòh [7] yz´ó��+6ô

õ)�	8�^ö÷4ø�&��ùg�LÕZ½�H�úç���	ûü�ý¹�Wñ

òh [8] �����+�þ��LZ8Ì��&�����L�
��	cd�WñòF�

�� [9] T��L�F��8+����	
� ��)æ<��hcd�Ï���×ä�

� ����O
�+�����Ü��������� 8æ<���Ü�����

Powell [10] ����ãä����Í¥����8��Z� ��+�YÎ� 

��� [11] �WñòF��� [12] nb³´� ¶·¸¹�	R!�����"*�+

����#�$�+��º»�&�%&'(ìÌÍ���ef�	)8ÂQ+�*+�

ÀïáFW,- [13] .b¶·
/¸¹01��QS�2F��83»�nbå6F��F

4����hMN)56*+Yg��8¿6�O)��+6cdD7Ôuvwx8ÌÍ

89�~F:�~FQS�;F<�=\íF=\�h)�~8�DÎ>%®�?@lF

ABà [14] .bYCãä>YDE�F�UVL�GH)�I¼ÔJ�����ef�	

�GHcd��K$L]YC¿6M��'�L]��>�Ï'��N (`��) 8�

;�&�L]¸¹01OP¶·¸¹01>QRef�	�S3ÏT� 

U ãí�z8�*� (car-following) ý���+�ÔJ)�VW9:�uXO+�

�~�Y)4�Z[C®\]���QS+� (May, 1990) [15]�^C+��_`M���

���12ab�Ob�N$�c�F�������^��*�+�"�d��	ef

g!���12�d�_efg! (k$�h�<MR!i�ð,µ��ÏÚjk�lm

nK)�4^o, %Íp�	>�q� (critical time headway) >>®.rsd*�+�

($ DijkerhF�1998) [16]�t^®ï�ð,�lmnÆ«� (uò�
8��) v�L�

wAxy��	R!z,�{8¦W�ÕÖ[\]PK����E�F,|}d*~4�
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�\K��{R car-following8�ï�1®ï motorcycle-following�U��wxí�z8�

3����ef�	 (`�F���)��)�'X�Ï,
ðT~���������

)�&'Þ*�ÏTAÓ�,�öT~���Þ�Ü8*�ÏT�O)C�y12<M�

À���8#��ÚO¦W��{�BC�y"�4�,����� (�) 4�&×Ob

��#����,���E�F�|}d*~4�� 

ð*�+��dK�«�)4�8��ÂQ�D���1VW�JÎ>9�QR�^

u*�YÎ�Oj��Ú1��������YÎ (stimulus-response model) [17-21]F\]

��YÎ (safety distance model) [22-25]F+�'(YÎ (action point model) [26-28] �YC*+

YÎ (fuzzy logic based model) [29-32] h�j��(8YgYÎ$ NETSIMFCARSIMF

INTRASFFRESIM � INTELSIM h�.�\]��YÎ�yzº»�O)" INTELSIM

�C��d  (simultaneous) YÎ��O���Jüd (sequential) YÎ�NETSIM )

CARSIM D����� 3¡�YÎ)�¢£¤�K8<�:�~�MNAINTRAS )

FRESIM"¥¼½4R¢£¤�<�:�~4ø���¼½¦§4«��Û·[Cað�

�� (space headway) �4ø�Ê Aycin} Benekohal (1999) [25] T�4R¨YgYÎ�Ï

INTELSIM8ÐÑ<Ò� 

�b8yzdYÎ©¿�����YÎ�O)��b�� (General Motors, GM) �


ª ($ChandelFHermanFGazisFMontrollFEdieh) 8�«8*�YÎ<�¬­�GM*�Y

Î®�¯P�O®�8�JÎ�°��±²³�´���O)��µD�«�89���

8�Oì1��Fj�¶�y·P�9�Fh�F:��ò�1C¸�9�����µ�

�4«�8
��~ (u�~Û) �8�¹C'�%�²³µ�k$ºCPYÎ`�C�

�P�«�E�F8²³��º¯PYÎ8²³��W4«����«��~8ý�»�

8Ìn�¼½º¯P GM*�YÎ�¾¿�b��	cd ($\]FÀ½FÁÂÃÄh) 8

�
� 

GM *�YÎÅ�8,E�F�,
����+���u��Æ���½�²³�

i�ÇAE�F��,
�����È�{��¼ÉE�FÊE)#,ËÌ8ÍÎ��u

Ï�{R
����½�²³�Ð®R!i�ÑCE�FÒÓ,
������ÔãE�

F8ÛËd�
Õ>Ö,�ö�×nbYC¿ä (fuzzy inference) [29-32]FjÉÊË� 

(neural network) [33] �Øf¶%�«8a�djÉÊYC¿ä01 (adaptive neuro-fuzzy 

inference system, ANFIS) [32] >ÌÍ*�YÎ�O�Ù�
�Ï-2QRE�F8��*�

+��×ä.Ú18 GMYÎ�
Õ�«8 ANFISYÎ��^������8*�+�

6+�
�Û×����8+6+��GM¯PYÎ��¤®Ü� (crisp parameters) YÎ�
�u��Æ���½�²³�i�«�E�F��,
����AzANFISYÎ��YCÜ

� (fuzzy parameters) YÎ�DnbYC¿ä�M>YZ���*�+�����´ó«�E

�F9�~8
�Õ�Þ,YCcÌ�&ØfjÉÊË�8 |2Ý>Þ�´óÕ�8ß�à

���-á
«�E�F8+��GMYÎ)ANFISYÎ�A%2,Ñ£â��8��*�

+��Û' ã�^äò�
8å��8?¡� 
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ò�8æ�u����3� 8¶·ef�	wx����T�çNYÎ���*�

ÏT8£â2Ý�©5�3�Þ,*�ÏT8��+6ôõ�yz´ó��*�+�8Ü

¬d4øAO»�y·ÌÍ GM� ANFIS��*�YÎ�&nb3�wxèÙÇ¶jY

Î���*�+�8éê2ÝA<«�nb�Ò8YÎ6C��b���abL8�	Y

g� 

�����	
�� 

2.1 ���� 

ò��ë´�Î6+��	wxuv�3ê���'<{Fiì� ´ó�Þíµy

î���Æ×��ïð�����ñò	ó8µ�L���Ê5ôÞ,{Rcd8opq

õZö�C� (]�÷ø�)qù�L��ö\) �wxuv�¡�Ç��8 10��µ�

L{ú,�L¹6��û�L 3.5����û�L 6.5����üú,ýþ��	Kó�

¹6�ë´��y·��{ì�  (÷ø�) �iì�  (qù�L) ¨ 240 � 120 �� 
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� 1  �������	
�� 

�¥£��8*�cd�ò�5O3�Æò)Þ,*�ÏT8��Æò�Ü¼ Dijker

hF [16] ��q� (time headway) � 3.5���8���u,*�83���¼½��8

�;�IJ��O�*�K8�q��������;ò�`3��q� 3.0��i8�

�Æò�ë´ 30�����88,�	�®3���Æò�� 3,064�8ef�	wx�

ë´K�� 90Õ 2� 22� (k"�) i� 16°00�17°30� 23� (k"¯) {� 8°00

�9°30�
�K�½¯Ñ�K 2,100�2,900� (`������)�	
�����K�

8��cd� 

¼½����K�¯� 0.4�0.6 �� [34]�ò�nbë
´�óL�2����ëë

´�)8,��Ñî 0.5�8 XFY¸¹8Kþ]�����{yî��¹6��¡��
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0.1�y8��¹Ý XFY¸¹�$� 28Ý�O) X�P���+6�\�Y�P�[

\]��Ï�ë´�ÊnbK��ë� (timer) ���ë (1�ë 0.01�8K�)�W�C

�ë´�8���¯.Ñ� 36L (frames)�;K��¤�¯� 0.03��ë´�)¸¹w

x8<��Û� ± 0.05�y�
ð�����<��Û� ± 3.70�y����~<��Û

� ± 0.532����K (�Û�^>¦F� !Û�)�t^�Î"# 30�����ÑC�

��ò$�O4F�4)�4��� (`������) 8 XFY ¸¹�Ñ 0.5 ��ë%

»�&Öè�Ñ���[\]�F�~F)��8��F)��8í�F��8�~h½

êý¹wx� 

T(sec)

X(cm)

Y(cm)

�����

0.1

0.2

0.3

0.10 0.2 0.3 0.4

T(sec)

�����

 

� 2  ���
�����	
�� 

2.2 ������ 

�3�K�����)�4��C��� 30 �����Z[*�ÏT (ò�>®)

4�Z[[\¸¹
�]�'hÔ 0.5��%) 8Æò�®, 422����`'(3��

�Æò 3,064�8 13.8�AO� 86.2�Æò&×�Ü*�ÏT (ý��)4�8[\¸¹


�]��� 0.5��%)�*�Æò))1y�çNg!°C�*`�4�,�+g! (�

i¸g! 1) , 195��¶�*�4��,4� (`�������K) ,�+g! (�i

¸g! 2) , 227 ��{RçNg!
�]�$� 3 8Ý�ÊXãë´�� 30 ���Ñ

0.5 �8¨µ½êý¹��, 1,281 -wx�g! 1 ���{.�ef�	R!���+

6¦W���Ag! 2����.��	���8¦W��{�çNg!i8��+6c

dXã$� 18Ý� 
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�� ���� ���� �	
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��� �
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1.��	��

  (���
195��
) 

90����
�
��� 
!
"# ($%2)&'
()5.0*7.0+
,�-��. 

92��
/ 0.5
0-1���
��2340.25
+,. 

	
5�
6
78��58.51
+,9	
5:

678��
510.99+,.

��� 16* 65
+;<=6>
?&87�'()
25* 55+;<
=6�9@AB
#
�@C. 

��� −4.15*
2.93+,<0 2

>?&99�'(
)2+,<02*

−2+,<02�.

2.�	�DE
	 � � 


(���227
��
) 

85����
�
��� 
!
"# ($%2)&'
()3.5*7.0+
,-��. 

94��
/ 0.5
0-1���
��2340.25
+,. 

	
5�
6
78��59.14
+,9	
5:

678��
510.05+,.

��� 18* 69
+;<=6>
?&90�'()
25* 55+;<
=6�9@AB
#
�@C. 

��� −2.97*
2.91+,<0 2

>?&99�'(
)2+,<02*

−2+,<02�.

 

1. )4�8���y/ 

çNg!��)�4�8���y/ (space headway distribution) $� 48Ý�O)

g! 14����K
����� 8.51���4����� (�i¸��) K
����

� 10.99���'y�NK8
����� 9.94��Azg! 24����K
����

� 9.14 ���4����K
����� 10.05 ���'y�NK8
����� 9.69

���6C�1�0®ã�çNg!i��*��8��Ü¬����*��8�� (ù

×Å� 0H °4����K8�����h�4����K8����10®�0®Ø2

�g! 18 tì = 6.53�g! 28 tì = 3.43���	>ì =∞
*

),95.0(t 1.65�3�ù×Å�)A

�,4�,�K (��¦W��{)���8
�*�����,4�×�K (��¦W�
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��) ���^��Ê 2χ af�0®çNg!8��)4����.r4
�y/ (ù×

Å� 0H °¶%,
�����y/)�Ø2� 2χ = 57.01��	>ì =*
)20,95.0(χ 31.41 (3�

ù×Å�)�ÜÝçNg!��)4�8���y/#�Ü¬dÛË� 
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2. �~y/ 

� 5ÜÝçNg!���~�,5\�(�)û�~5{�¬6�� 6ÜÝg! 1�g

! 2 y·, 87� � 90� ���+��~y/� 25 7 55 ����K����#)� 40

����K���Ê 2χ af�0®çNg!8�~.r4
�y/�Ø2� 2χ = 34.73

��	>ì =*
)19,95.0(χ 30.14�ÜÝçNg!8�~y/#�Ü¬dÛË� 

3. 9�~y/ 

� 7ÜÝçNg!��9�~y/� −4.15�2.96���� 
2��99� #)� ± 2��

�� 
2�Ê 2χ af�0®çNg!8��9�~.r4
�y/�O 2χ = 18.63 ��	>

ì =*
)15,95.0(χ 25.0�ÜÝçNg!89�~y/&×Ü¬dÛË� 

2.3 ���������	
��
 


��× [15-32] �
Ø2�ÜÝ9(:)�~��12<ðK�~F4«��Û)��d

2h8´ó�;O12�¨µ4ø8f´óØ2�4^�ò�6C�0®4��NF��

ò$�~F)4���F4��~F4�9�~F�~ÛF�4��~F)�4���F

)�4�9íF�4��~F)�4���F)�4�9íh4ø)��ò$9�~8�

:d���zÜ¬´ó«(�)�89�~�124ø�©5� 2χ ;¥d0®�¤<4��
N (��������j·Õ�) .rÜ¬´ó t + ∆  t K� (ò�O ∆ t = 0.5 �) «(�)�

89�~�ù×Å� 0H °«�9�~)4��N×��Ø2�g! 1 8 2χ = 14.14�g 
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� 2� 2χ = 14.02������	 =2
)15,95.0(χ 25.0�
��
�
�����������

�������� �!�"�#$%
&'()*� ���+,-.$��/�01 

234 Pearson506789 �+,-.:;<=�50>?@�� 2A t + ∆  tB

C� �+,-. tBC�:D<=5067�?@EF1G� 2H (t + ∆  t) BC� �

+,-. tBC�.$�IJ ∆ SK5L,-M ∆ VN$�+,- an(t) �*OP06�.:
D<=Q
*OP061 

� 2  �������	
��
����� 

�� 1������ 
an+1(t + ∆  t), (	
�� 2) 

�� 2������ 
an+1(t + ∆  t), (	
�� 2) 


                � 
�� 
�� 

P� ���
�� 
�� 

P� ���

������(Vn+1(t + ∆  t), 	����) .035 .397 589 −.007 .850 692 

����� ( ∆ S, 	
) .150* .000 589 .122* .001 692 

���� (Vn(t), 	����) .132* .001 589 −.036 .338 692 

����� (an(t), 	
��
2) .211* .000 440 .286* .000 516 

��� ( ∆ V, 	����) .506* .000 589 .287* .000 692 

����� (	����)       .026 .622 366 

�����! (	
)       .130 .011 388 

����"# ($)       −.112 .028 388 

%���� (	����)       −.151 .015 256 

�%���! (	
)       .110 .072 268 

�%��"# ($)       −.096 .116 268 

& 1�H0 : ρ = 0, H1 : ρ ≠ 0' 
& 2�*()*+,-. α  = 0.01 (/0)1����+,23 0 (/0 P� < 0.0054)' 
& 3�∆  t = 0.5�' 

2.4 �� 

RS$T��UV���BW.�� 30XYZ[\]�� 422^ ��������

_`a�� �!� 3,064^� 13.8�1b?@]�c������ �d_e$f�� 

(g� 1) Ne$fNh$f�� (g� 2) i�:.$�IJN,-jkglm�*O>

Mn�*�o/g�i ��98p>��qr�sjtuv�12Gwx ���+,

-�<=jy]��.$�IJK5L,-MN$�+,-6wx ���+,-�*O

><=�cz{<=. Chakroborty| Kikuchi���}~ [29] 5r��. GM��}~�

�qr (GM}~6�.$�IJK5L,-MN��,-z{<=)1 



GM � ANFIS ��������	 

�521� 

��GM ������ 

��34 GM ��}~���� ���9A�����o/g�i �� GM �

�}~�:���}~��~�i� 

[ ] [ ])()(
∆

)∆(
)∆( 1

1
1 tVtV

S

ttVα

tta nnl

m
n

n +
+

+ −+=+  (1) 

:"� 

)(1 ttan ∆++ � � ∆ t (= 0.5) ���+,- (XY�� 2)� 

)(1 ttVn ∆++ � � ∆ t���,- (X���B)� 

)]()([ 1 tVtV nn +− � �.$��,-M (X���B)� 

S∆ �$��IJ (XY)� 

α , m, l� �����71� m = 1, l = 1B��A���}~�� m = 0, l = 1B�A�
z�}~�� m = 0, l = 0B�A��K��}~1 

b34 SPSS����� ¡¢£�¤f���¥α , m, l¦�7	��� 3 (g� 1)

N� 4 (g� 2) ��1G�H���}~o/g�� ��§,-�7 m	�q*O (t

	��� =∞
*

),975.0(t 1.96)1��¨��  GM ��KzK�K����}~89���E

F©ª�� 3N� 4��1 

� 3  �� 1 �� GM ����	
��
 (������ t �)  

���� 1 
�� ��� ��� ��� 

10≤∆ S 	
 10>∆ S 	
 
��� 

α 0.2367 
(6.8821) 

0.0093 
(12.2835)

0.3820 
(12.6241)

0.1314 
(11.9944) 

0.0726 
(9.4824) 

0.0937 
(14.4577)

m 
0.0102 

(0.4538) 
1 0 0 0 0 

l 
0.4852 

(6.0746) 
1 1 0 0 0 

R2 0.2950 0.2042 0.2132 0.2398 0.2637 0.2623 

RMSE � 2 0.76 0.81 0.80 0.79 0.73 0.78 

� 1
 GM����������� (two-regime model)��������� 10	
������
 ��! 

� 2
 RMSE
n

aa ii∑ −
=

2)ˆ(
�"#�	
$%  

2�&'
ia �()*+,� iâ ���*+,�n � 

 -��! 
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� 4  �� 2 �� GM ����	
��
 (������ t �)  

���� 1 
�� ��� ��� ��� 

10≤∆ S 	
 10>∆ S 	
 
��� 

α 0.1350 
(2.2087) 

0.0070 
(7.4456) 

0.3073 
(7.6470) 

0.0750 
(7.6595) 

0.0359 
(3.4383) 

0.0549 
(7.7241) 

m 
0.0010 

(0.2943) 
1 0 0 0 0 

l 
0.3956 

(1.9610) 
1 1 0 0 0 

R2 0.1030 0.0943 0.0980 0.1386 0.0645 0.0995 

RMSE � 2 0.92 0.93 0.93 0.89 0.97 0.93 

�
./ 3! 

 

������ 1� GM�	
��
��������(R2)���� (�� 0.27)��

���� (root-mean-square-error, RMSE) � !�" (# 0.73$0.81%)�&�� 2�


�� R2
�'() 0.15�RMSE�# 0.89$0.97%��� 1��
�*+, R2

-.�� 2

/0�1�23�456789	
�:;<=� (>?@A%BC@ADE) /FGH

�I�J�KL�	
��MN:;<=�/O�PQR��S89	
��*+, R2

T.KU	
�/06V�� 1 /W��	
�XV89	
�*+,Y 0.29 Z0�8

QC[	
� R2
�\# 0.23$0.26%R��8]C^	
� R2

�\ 0.21Z�6_
��

`�ab&c�m, lde	�fgDEh?@A%BijDEk:;l,�� 2.3mkd

nX�fgDE<oFpqkrstu�Sv� m / 1 �8^	
�Z�6�� 2 �	


�%�*+,wxyzh�� 1{|2}6 

�~��������A���/����=� (��D�CA�BP%BCfgD

E) ht=� (�jDE) %oF/QiQ���H������A�X��2}��=

��(����:;,)�1�����}�t=�� (��)�3��� (2iDE�) /

0 ��GM 
��@AjDEQ�/ �¡¢£����p¤�@(�)A¥���j(¦)

D�¢§6¨J�GM
��@AjDP¦D©ª«¬)���­P®�Q¯:;,v�

@�°jDh¦D{(T2± (�i²H)�¡¢£����p¤³´µ¨6¶rs�A·

AjDE�pqtu/h?A%BC2iDE��?AjDE�GM
�¸h?A%BC

2iDE��fgDE/rs=��p¹ GM
�º»¼½¾¿À=�?AjDE�&Á

Â��pqH�¿À=�fgDE�|��Ã� (biased) ����
��6ÄÅÆ�Ç

È���A GM·A
��*+,��0�R2
�É\ 0.1$0.3%�
�� RMSE�"Y

0.7VÅ�ÊË GM�	
�V�� = ��� Ì :;,���H�����³��ÍÎÆ

~Ï��A·A�/6 
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��ANFIS ������ 

�Ð 2.3mÑ�dn���fÒÓ«h?A%BC2iDE��?AjDE]<Ô/

rs�AfgjDE�=��VÕÖ ANFIS �A·A
�6V×ÊËfÒvØ� ANFIS


�ÙÕCIÚÛl�IÚ��6 

4.1 ���� 

fÒÜÝ
Þßà�áâ
ã�Ak·A�/�V�ärs��åjDE�2�=�

��
Þæç�o�èéêëìí�IÚ�îâï­rs=��ðñ���V'òó��

å��/6Jang (1993) ôõö ANFISÙÕ [35]���[÷øÂ=�C]÷±ùðñ���

úÛ9ûìí�ÜÝüýþ�,×���á (backpropagation gradient descent method) �

¿Z0ðñ���`� [35-37]�o�QFGH��/W�ÊËK ANFIS
���Í
��

��6fÒ`	 Jang (1993) �
�ojV�
/]÷øÂ=��9÷ðñ���V+Ý

)¿À�A·A¢§�dn��/ MATLAB ��6fÒ¸Ý�9û ANFIS�/Q

Sugeno-typek
Þßà���IÚ����/Z(��á (least squares method)��èü

ýþ�,×���á�V��Z0�ðñ��`��K��ÙÕµ� 8�¤�ÊËµ×� 

�� ������ ��	
 ��
��� ���� ��� ��

(or)

(and)

Layer1 Layer2

1w

Layer3 Layer4 Layer5

11 fw

1w

�
�

�
�

�
�

�
�

�
�

�
�

�
�

iw

� �

�����

�����

�����

�����
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1. 
Þßà�° 

IF (∆ S is ∆
1mS ) and ( )(tan  is 

2
)( mn ta ) and (∆ V is ∆

3mV ) 

�  THEN [ ])),(,()(1 VtaSftta nin ∆∆=∆++  

�  11 ~1 lm = , 22 ~1 lm = , 33 ~1 lm = , 321~1 llli ××=  

S∆ �h?A%B (V 10��/� )! 

)(tan �?AjDE (��"# 
2)! 

V∆ ��Ah?A�DE�� )]()([ 1 tVtVV nn +−=∆  (V 10�$"(�/� )! 

)(1 ttan ∆++ ��A ∆ t (= 0.5) #@�jDE (��"#2)! 

1mS∆ , 
2

)( mn ta , 
3mV∆ de/ S∆ , )(tan , V∆ �ðñ��! 

if �8 i÷ßà�°køö! 

321 ,, lll de/
1mS∆ , 

2
)( mn ta , 

3mV∆ ðñ���±ù�6 

ÅÆ��°�¤µ� S∆ ñ)ðñ��
1mS∆ X 1l ±ù�l,� )(tan ñ)ðñ��

2
)( mn ta X 2l ±ù�l,�% V∆ ñ)ðñ��

3mV∆ X 3l ±ù�l,�° )(1 ttan ∆++ ñ)

8 )( 321 llli ××= ÷ßà�°�l,6��ÊË&�fÒô'(¸) S∆ =1��C V∆ =1�

$"(�*���� �+¢ ANFIS
�� RMSEh¸) S∆ =10��C V∆ =10�$"

(�*23,ó�1-./0�%°123j 2(�VÅ�.�~Ý6/¦(���
�

45/0�%�S¸) S∆ =10��C V∆ =10�$"(�*���� 6 

2. �û=�ÊË 

8Qû�6øÂ=�úÛðñ��Ø0Kðñ,6fÒ¸"7 (Gaussian) ðñ���

fûøö��µ×� 

       
2
1

exp)(

2

1





























 −
−==

i

i

ii
m

m
mm b

cx
xO µ  (2) 

 1
imO 	�8Qû8 im ÷m8køö�! 

)(x
imµ 	�øÂ� xkðñ���! 

imc 	�ðñ���X9�! 

imb 	�ðñ���:,6 

8[û�Ø0;Qßà�°�<=>, (firing strength)�fûøö��µ×� 

    )}(  )),((  ),(  {              

)(  ))((  )(

321

321

2

VtaSMin 

VtaSwO

mnmm

mnmmii

∆∆=

∆××∆==

µµµ

µµµ
 (3) 
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 2
iO 	�8[û8 i÷m8køö�! 

iw 	�8 i÷ßà�°k<=>,! 

Min 	�/0? (operator)6 

8]û�Ø0;Q�°k<=>,@ªA<=>,�B½�fûøö��µ×� 

      3

∑
==

i
i

i
ii w

w
wO  (4) 

 3
iO 	�8]û8 i÷m8køö�6 

8^û�Ø0;Q�°jB@�2i�øö��fûøö��µ×� 

( )       )( 4
iiniiiiii sVrtaqSpwfwO +∆++∆==  (5) 

 4
iO 	�8^û8 i÷m8køö�! 

iiii srqp ,,, 	�8 i÷ßà�°ðñ��`���úÛìíIÚÛl���µ@�(14)

$�(18)�¤6 

89û�6��ëjB�øö�jC��/øö< (@AjDE)�fûøö��µ×� 

      5
1

∑

∑
∑ ==

i i

i ii

i
ii w

fw
fwO  (6) 

 5
1O 	�89û�Qm8køö�6 

4.2 ���� 

/DE&¼¿
��F0Ûl�fÒG�A·AHIæçÊË ANFIS 
��IÚ/

0Ûl6IÚF0V���� (mean square errors�MSE) P²���� (energy function)

/JÍKL�� (performance function)�V E���µ� (7) �¤�úÛZ(��áhü
ýþ�,×���áâï­ìí`�6VQRQ÷��MWk��N��O�IÚ©��

��MW�/Q÷PQ (epoch)�ë�RIÚ�÷PQ�OSY� ETU/V6 

25
1

1
1 )]()([

1
kOka

K
E

K

k
n −= ∑

=
+  (7) 

KX� 1+na C  5
1O de	�jDE�~Ï�W�hßàøö��k 	�`h����

��K 	�C�����6V ji,δ 	�8 i û8 j ÷�Xk��ï­���û�IÚÛl

µ×� 
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89û� 

][2 5
115

1
1,5 Oa

O

E
n −−=

∂
∂= +δ  (8) 

8^û� 

4

5
1

1,54

5
1

5
1

4,4
iii

i
O

O

O

O

O

E

O

E

∂
∂=

∂
∂

∂
∂=

∂
∂= δδ  (9) 

Sw
p

O

O

E

p

E
ii

i

i

ii

∆⋅⋅=
∂
∂

∂
∂=

∂
∂

,4

4

4
δ  (10) 

)(,4

4

4
taw

q

O

O

E

q

E
nii

i

i

ii

⋅⋅=
∂
∂

∂
∂=

∂
∂ δ  (11) 

Vw
r

O

O

E

r

E
ii

i

i

ii

∆⋅⋅=
∂

∂
∂
∂=

∂
∂

,4

4

4
δ  (12) 

ii
i

i

ii

w
s

O

O

E

s

E ⋅=
∂

∂
∂
∂=

∂
∂

,4

4

4
δ  (13) 

�������� 

i
ii p

E
tptp

∂
∂−=+ η)()1(  (14) 

i
ii q

E
tqtq

∂
∂−=+ η)()1(  (15) 

i
ii r

E
trtr

∂
∂−=+ η)()1(  (16) 

i
ii s

E
tsts

∂
∂−=+ η)()1(  (17) 

η ����� 

���	 

3

4

,43

4

43,3
i

i
i

i

i

ii
i

O

O

O

O

O

E

O

E

∂
∂=

∂
∂

∂
∂=

∂
∂= δδ  (18) 

�
�	 
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∑∑ ∂

∂
=

∂

∂

∂
∂=

∂
∂=

j i

j
j

j i

j

ji
i

O

O

O

O

O

E

O

E
2

3

,32

3

32,2 δδ  (19) 

���	 

1

2

,21

2

21,1

iii

i
m

j

j
j

j m

j

jm
m

O

O

O

O

O

E

O

E

∂

∂
=

∂

∂

∂
∂=

∂
∂= ∑∑ δδ  (20) 

3

2
2

,1

1

1

)(
)(

2

1
(exp

i

i

i

i

i

i

i

ii m

m

m

m
m

m

m

mm b

cx

b

cx

b

O

O

E

b

E −
⋅











 −
−⋅=

∂
∂

∂
∂=

∂
∂ δ   (21) 

)()(
2
1

exp
2

2
,1

1

1
i

i

i

i

i

i

i

ii m

m

m

m
m

m

m

mm b

cx

b

cx

c

O

O

E

c

E −
⋅











 −
−⋅=

∂
∂

∂
∂=

∂
∂ δ  (22) 

�������� 

i

ii
m

mm b

E
tbtb

∂
∂−=+ η)()1(  (23) 

i

ii
m

mm c

E
tctc

∂
∂−=+ η)()1(  (24) 

4.3 ���� 

1. ���������	
���
 

����������������	
������������ 90��(� 1�

2!"# 396$%464$)�!"&'�()*+%(),-.�/0-.1�2345�

�67���������/08��	
� (��9� =×× 333 27% =×× 335 45%

=×× 355  75% =×× 555 125:�	
�)�;<=>?�����@ABCD�� 100D

�EF�GHIJK��LDM, 50D�N��OPJK�Q�RSTU 5VWXYU

Z� =×× 555 125:�	
�[\]�^1_`�a��<= 125:�	
��b�()

*+ S∆ �����!�cd%ed%f�%eg%cgh:���b(),-. )(tan �

����!�i-%ei-%�-%e,-%,-h:���b/0-.1 V∆ ����

�!�c`%e`%/�%ej%cjh:��X 

2. @Ak���� 

lm(nopqr�����������(n 90� �� (� 1 � 2 !"# 396

$%464$) s�tu���vrwopXx@Ak� 1�� 2�����y�z{

|TU 6VW�}op;~^1lz!"� 0.16%0.34X 
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� 5  �������	
��
������� 

���� � 1 ���� 

	
�� 3×3×3 = 27 5×3×3 = 45 5×5×3 = 75 5×5×5 = 125 


����� 100 100 100 100 
�� 1 

����� (RMSE)� 2 0.39 0.32 0.21 0.16 


����� 100 100 100 100 
�� 2 

����� (RMSE) 0.58 0.51 0.42 0.34 

� 1������ = 1l × 2l × 3l ��� 1l , 2l , 3l ��� S∆ � )(tan
 V∆ !����"#�$ 

� 2��% GM&'�()! RMSE*+,(7)-.��/�012�345678��+9:; 
2$ 

� 6  �������	
��
��
� 

�� 1 �� 2 <� 

���� c b c b 

=> ? 0.2661 0.2191 0.2874 0.1937 

@> ? 0.8120 0.0540 0.8915 0.0578 

�> " 1.2421 0.0984 1.2069 0.0307 

@> A 1.7333 0.2179 1.6571 0.1870 

% 
B 
C 
D 
E 

=> A 2.2811 0.2047 2.0270 0.2114 

F> 7 −2.3070 0.5499 −2.9330 0.6703 

@F7 −1.1990 0.4649 −1.5140 0.6332 

"> 7 −0.1325 0.3376 −0.1358 0.5301 

@67 0.9384 0.4663 1.2420 0.5632 

B 
C 
6 
7 
8 

6> 7 2.0000 0.5650 2.6400 0.6311 

=> G −1.2410 0.3217 −1.6070 0.4056 

@> G −0.6246 0.2426 −0.8320 0.3216 

H> " 0.0128 0.0618 −0.0727 0.0855 

@> I 0.5494 0.2758 0.7020 0.3472 

H 
J 
7 
8 
� 

=> I 1.1470 0.3512 1.4970 0.4131 

����� (RMSE) 0.16 0.34 

��KL!����MN ])(
2
1

exp[)( 2

b
cx

x
−−=µ ��� c������OP�b�QR$ 

 

��������	
��
����� 

(1) ����������� 1������ !"#$%&'(�� 2��)*�� 1


+�,�-./�� 20�1.2
345 
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(2) ���6789:;78<����� 1������ !"#$%&/�� 2.

=�>����?1@/A�)*�� 2 +�-B CDEFGHI/'�JKL

MNOP78�QRSTUVW5 

(3) �XY
Z[\]���Q�� 1
^_`<a/�� 2=�)*�� 2
��/

�� 1bc�JXYdef]/<5 

3. ghf]ij 

klQRm
 10� nopq (�� 1� 2#rs 44tu52t) v.hwpq�Qi

j ANFIS XY
ghf]5x 9 .	
��
no"�gh"yz#$x��x �{

3s 80� Q|}+�678#$~ ± 3 ���� 2%&��MQ Q-Q :yz��� (Q-Q 

plot correlation coefficient test) [38] no"�gh"�yz��� 45° ����:y (� 0H : 

ρ = 1, 1H : ρ < 1�����)�\]{3�� 1:yz� =Qr 0.9778 > *
)01.0,44(Qr = 0.9625�

~ 1� 
������������.���:y
��������� 1XYgh"�

sfdeno"5�� 2 
:yz� =Qr 0.9411 < =*
)01.0,52(Qr  0.9681�~ 1� 
����

������.���:y
�����)* ANFIS ,�XY;�� 2 
gh��/�

� 1 <5¡|¢��� 1�Q£¤gh"�no"���:y
����� 2¥¦�£

¤���§¨©eª ( Qr ) :U«¬­®"���¨gh"�no"@¯.«¬���:

y5Q|)* ANFISXY�sf°¢±²
+�,�-.5 

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

�� 2�� 1
ANFIS������

������	
2������	

2

ANFIS������

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�
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���� � 

k³´µ¶·/GM�ANFISXY�¸��¹�ºB»¼�½¾¿��/À
ANFIS

XYXÁ+�Â½Ã
+�,���5 
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5.1 GM � ANFIS ���� 

1. ~XY\Ä_Å�GM �ÆXYQ��=ÇÈªÉÊË1
Ì����yz�¦KÍÎ

±²
+�,�-.5Ïnopq��\]{3�ÐÑ+�,�6Ò78
��ÓÔ.

�����u:;78<u��678�GMXYÕ�����u:;78<ukÖ7

8.ÐÑ×���Ø GM XYÙÚÛÜÝ¾¿×���678��Þ¶ßà���


¾¿×�kÖ78 (á�ÙÚÜÝ¾¿×�
âãXY�äå|æçèé` (biased) 


z�êd\])5ëìUÇÈª (:;78<) . 0í�GMXY
î�678»�.ï�

§3ðnopq���î(+)�ñ��s6(Ò)7
345ò¹�GM XY
î�67

óÒ7��ôõ(ÇÈª�óö�»÷ÊË1��î�ø67�Ò7'=æ:ù (��

�1»J�à;ú�)�§3ðnopq��@¦Kìò5ANFIS XY û�Xüýå
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2. GM ,�XY.Ì����yz��»tpq����»
êd\]�� ANFIS ,�

XY�M�ß�ù�������ýå�ø
�e���ß�}\]5ëìkl	

=×× 333 27
ýå�ø�. =×× 555 125
ýå�øí��� 19�� 2
 RMSE#

r�
 57� 9 38���� ANFIS,�XY�Ï�pq}����ÎT}ýå+I�Ì

±/ GM,�XYºà��5 

3. ~XY�T1_Å�Ï3ðnopq���
	
��+� GM�Æ,�XY��� 1


 R2
�. 0.2042�0.2950��̈ RMSE. 0.73�0.81��� 2
 R2

�. 0.0645�0.1386

��̈ RMSE. 0.89�0.97�̂ �� GMXY�T1:U
��Q°¢+�
,�-.5

ANFIS,�XY(�� 19�� 2
 RMSE#r. 0.169 0.34��Ø ANFIS,�XY


�T1�/ GM ,�XY.À��MQ Q-Q :yz���ij{3�+�678n

o"� ANFIS,�XYgh"����ó«¬���:y�)* ANFISXYÌ�sf
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,�-.5 

5.2 ANFIS ����� 

klQghf]/À
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+�

,�-. (�� 2��?+�Â½Ã
�Ó�+�����- ó!����,��"�

�� 1)5����Q 40�#�=í
78ù7�B�î�~����� 12��þ#rQ

25u55u40�#�=í$7�B5x 10.ß��G�
�����9î�78
XÁ\

]��x%��G» (+�$7. 25�#�=í) &'í+�æ67��( 5�î67(
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1. .
�GXÁ\]0î3,(45}�����k ANFIS XYà»�61
-��

(robustness)5~,���×7_Å��î��Q8¬_Y,(-���$'íOP9ò

��}*1/'�:��;}«¬�OP*1<=�Ì±ÍÎ�î���<=�,��

-.<,R=
��5~78×7_Å@��$'íOP*1'��:��î�78}

«¬�OP*1>8×=�?@,(-�5 

2. a�0î-�}+�,��� 9.63���:U( 0.8667�}�A��BC� 2��?

+�Â½Ã�~ 40�#�=í78��¨DE�8 (service volume) �.F=í 4,150

G+��H(I£JKLMN�O2001PQR�S�TUªVWX[39] 2�� IY+�Â

½Ã B~C�DE��
DE�8F=í 3,600~5,400G�5(Z�kl
 40�#�=í

78XÁ�G:U(O2001 PQR�S�TUªVWX2 �� I Y+�Â½Ã B~C �

DE���¨�;�
78. 35�45kph5) 
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���� ANFIS���� (	
 1) ���
������	
���������

������������ 11 !�"#$%�����&'������&()���

��&'*�+�(,)����-&'./0 123������ 945�6*�%�

����78)98:����78)98: (;��<=>?8��*)�+@A	
B

C<=�!D/0E�F ANFIS������GHIJKL � 11MNOPQR)ST

.UV"W��XYZ[\N]^�_`�<a.b^��cd  

������� 

6.1 �� 

Fef8ghijkl�h�mkn�op,��q�r���s8 30 45tu6

vw��$x (Feyz���vw{|}~����
�� 0.5 45�) ��F�_i

���	
 (	
 1C�q�r-��	
 2Cq�r���r-�) ,�����C�

����,� GM� ANFIS�������#$�����  

1. ��������#$�8op*n�tu6��$,����C.��� ¡¢,�

�F� 13.8��2M£^,��¤8h�m¥¦�§&¨¥¦��&© ��C,�*

	
 1�	
 2�ª«����i¬C 8.51� 9.1445���C7­�*i¬C 10.99

� 10.0545®\¯°zGH#$���	
�,��­����=±'8,��,�

���®²��r-�* (,�³!´µ©)�,��ª«����¶µ��r·�* 

(,�³!´µ¸) C7 ����µ��	
�������i¹#$�	
 1 �	


 2�������i¹i¬C 16º654»¼7*� 18º694»¼7*��� −4.15

º2.9345¼½ 
2� −2.97º2.9145¼½ 

2�¾=¿	
 1�,�³!´µ	
 2C  ̧ 

2. À�°zGH#$������ S∆ ������ V∆ ������ )(tan CÁÂ�Ã,

������ )(1 ttan ∆++ �=±ÄVÅ�,�FÆ�� ( )(1 ttVn ∆++ ) _`�Ã,��

�����=±ÄVÅ�DGH� ChakrobortyÇ Kikuchi���� [29] cÈÉ�]^�

�  

3. À��op��c�Ê���	
,� GMËÌ�����	
 1� R2
ÍÎC 0.2042

º0.2950��2«rÏ��Í (RMSE) C0.73º0.81®	
2�R2
ÍÎC0.0645º0.1386

��2 RMSEC 0.89º0.97�«=¿ GM��ÐÑ´�%©�Ò�ÓA,�����C 

"WUVC GM ����ÔÕÖ�Ã,����C.=±ÄVÅ����� )(tan �×

ØÙ
Ú=±ÄVÅFÆ�� )(1 ttVn ∆++ �d�� RMSEÛ'�R2
Ü©  

4. ANFIS����8	
 1�	
 2� RMSEi¬C 0.16� 0.34�=ÝÞµ GM���

�Cß®àf�vá� 10� op��âã ANFIS�����äåWæ#$�	
 1" 
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��23 ANFIS456�789:;<�=<>0? 

5. � ANFIS=<45 (�� 1) 4@ 2ABC;<DEF (;<�GHI>JKL<) �

<M�N<� 40 AOPQRS�NT�U<V
N<WX 12 ABYZ[� 25\55\
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