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JÑ
�«U?��mS�k�B��Àãï��{, ¿én«�Àã (�Àã!Y²�Àã!k�B��À
ã) �äÝ©Ù?1
µd. (JL²: Y²�Àã�äþÃ{k�£O�a�mS�&Ò (±Ï!©/!·b); é
©/&Ò, �Àã9k�B��Àã�äþäkÃIÝ�Æ/ª, �|DUå��; é±Ï&Ò9·b&Ò, k�B
��Àã�ä'�Àãäk�r�|D5. 3dÄ:þ, æ^k�B��Àã�älhíYn�6>�ÅÄ&Ò¥
J�
Ý©ÙA�ëê, ÏLÙA�ëê|Ü¢y
én«;.n�66. (Y�h�G6!Y�h�G - ãlL
Þ6.9Y�hãl6) �Ð�E£�J.

'�c: E,�ä, ÚOA5, k�B��Àã, �.µd

PACS: 05.45.TP, 47.55.Ca

1 Ú ó

3 Watts Ú Strogatz[1] ' u �  . � ä ±
9 Barabási Ú Albert[2] 'uÃIÝ�ä�mM5
ó���, E,�äÉ�
�¬Æ!²LÆ!Ôn
Æ!)ÔÆ!ó§Æ�õ�Æ�ïÄ<
�2�
'5 [3−8]. E,�ä´éE,XÚ��«Ä�Ú£
ã�ª, ?Û�¹�þ|¤ü� (½fXÚ) �E,
XÚ, �r�¤ü�Ä�¤!:!ü��m��p
'XÄ��>�, Ñ�±��E,�ä5ïÄ. �
ä(�Ú5�!�ä÷*5���*)¤Å�!
�äDÂÄåÆ��8c�ïÄ9:.

���Ñ�´, Zhang � [9,10] ïÄuyE,
�ä����k��1N�±^u��5�mS
��ÄåÆ©Û. d�, Äu��5�mS�E,
�ä�ÄåÆ©ÛÉ�
2�'5 [11−14]. Yang

� [15] æ^�'¼êl�mS�¥�ïE,�ä¿
òÙ^u7K�mS�©Û. ©z [16—18] JÑ�
Àãï��{ïÄ©/�mS��ÄåÆA5, ¿
�A^u©Û.�¦�êÅÄ [19]!{IÔº�
ºu)Ç [20]!ë6UþÑÑÇ [21]!<a%ÇÄ

åÆA� [22]!�±Ï©
9·b�mS��N©
ÙA� [23] �+�. ��, Luque � [24] JÑY²�
Àãï��{ïÄ�Å�mS��ÄåÆA5. Xu

� [25] ïÄ
E,�ä¥ØÓa.�mS���[
x9�Ny�, T�ä�é·bN�!�·bN�
9D(?1k�£O. Chavez � [26] ÄuM>&Ò
�ï¿©Û
MõUE,�ä. Gao � [27] JÑ

Äuõ|�mS�ï��{, ¿òÙA^uí�ü
�66.ÄåÆïÄ; 3dÄ:þJÑ
�«��
mE,�ä�ï�{ [28], ¿òÙ^u��hYü
�6_66.ÄåÆA5ïÄ [29,30]. 3þã�m
S�E,�äï��{¥, Ù¥�Àã [16] ÚY²
�Àã [24] ï��{äk�{´¢y�O��Çp
�`:. �´, 3ïÄ¥uyùü«�Àãï��
{éØÓa.&Ò�£OUå9éD(�·A5
ÿ�3¯K. �d, 3 Lacasa � [16] �Àãï�g
�µee, �©JÑ
�«U?��mS�k�B
��Àãï��{, ¿én«�Àãï��{ (�
Àã!Y²�Àã!k�B��Àã) ?1
�.
µd. 3dÄ:þ, æ^k�B��Àãï��{
lhíYn�6E,6Ä>�ÅÄ&Ò¥J�
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E,�äÚOA�ëê, ÙA�ëê|Ü�â�é
Y�h�híYn�66.äk�Ð�£O�J.

2 �mS��ÀãE,�ä�.

2.1 ���ÀÀÀãããEEE,,,���äää

2008 c, Lacasa � [16] JÑ
�Àãï��
{ (visibility graph, VG). éulÑ�mS�, òêâ
:½Â��ä!:, êâ:�m÷v�À5OK�

ë�½Â��äë>. Xã 1 ¤«, ^��^L«
��±Ï�mS�¥ 20 �êâ: (ã 1(a)), êâý
¢����^pÝ�éA. eü���^ºà�p
�À, K@�ü:3�ä¥�ë. ã 1(b) ´dT�
{)¤��ä, �güm�¢:�lÑ�mS�ê
â:��éA, ¢:�m�ë����^�m��
À���éA. ���Ñ�´, �À�ØUE½
ö¢¦, !:�g�ØU�ë, ü���^�m�
�À�ØUB�Ù¦��^.

ã 1 �mS��Àãï� [16]

�À5OK: XJlÑ�mS�¥: (ta, ya)

Ú: (tb, yb) �ë�, @oéu?¿�: (tc, yc), Ù
¥ ta < tc < tb, ÷v

xa − xc

tc − ta
>

xa − xb

tb − ta
. (1)

�Àã�{)¤��äkXe5�: z��:
��Ú§���:Úm�:�ë; �ä�Ã��ä;

î¶Úp¶�IºÝCz½ö²L��C��Ù
�À5ØC. �Àãï��{U
U«�©�mS
���
A�, =±Ï�mS�=z¤5K�ä,

�Å�mS�=z¤�Å�ä, ©/�mS�=z
¤ÃIÝ�ä. ·�@��Àãï��{A^AÛ
OK½Â!:ë�5, lÓPS��AÛ(�,

ÏL�äÝ©Ù�xS�AÛ�q5, ?NyS
���g5�ÅÄª³.

2.2 YYY²²²���ÀÀÀãããEEE,,,���äää

2009 c, Luque � [24] 3�Àãï��{Ä:
þ, JÑ
Y²�Àãï��{ (horizontal visibil-

ity graph, HVG). Xã 2 ¤«, �ä!:Úë>�½
Â��Àãï��{�Ó. eU3ü���^�m
xÑ��Y²��À�, ¿��À�ØBLÙ¦�
�^, K@�ùü:3�ä¥�ë. ��5¿�´,

éuÓ��mS�, HVG �äo´ VG �ä���
f�ä, Xã 2(b) Úã 1(b) ¤«.

�À5OK: XJlÑ�mS�¥: (ta, ya)

Ú: (tb, yb) �ë�, @oéu?¿�: (tc, yc), Ù
¥ ta < tc < tb, ÷v

ya, yb > yc. (2)

HVG Ú VG �{äk�
�Ó�5�: !:�
�Ó�m�:�ë; Ã��ä; ²��C�½ö�
I¶ºÝC��Ù�À5ØC. �� VG �À5O
K, HVG �À5OKäk�r���5, E¤!:
²þÝ���. AO/, Luque � [24] �Ñ
 HVG

�{�ò?¿�Å�mS�=z��Ó��ä,

¿¼��Æ/ªÝ©Ù, = P (k) = (1/3)(2/3)k−2,

HVG �{U
é�Å�mS�Ú·b�mS�?
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1«©.

2.3 kkk���BBB������ÀÀÀãããEEE,,,���äää

3 VG g�éue, �©JÑU?��k�
B��Àãï��{ (limited penetrable visibility

graph, LPVG). Ä�g�´: ½Âk�B�Àå N ,

Äu VG �{�À5OK, 5½e�ä¥�ü!:
�ë, ��=��!:�éA�ü���^�më
�� uÙm�Ù¦��^�ägê n 6 N ã 3

��� LPVG �{ï�~f, k�B�Àå N = 1.

ã 3(a) ¥, ¢ë��L«Äu VG �{�ë��,

Jë�XL«#Oë��, ã 3(b) ¥, ¢:þ��
Äu VG �{�ë��, e��#Oë��.

ã 2 �mS�Y²�Àãï� [24]

ã 3 k�B��Àãï� (�©)

LPVG �{äkë�Ã�5���C�½ö
�I¶ºÝC���À5ØC�A:, z�!:�
�Ú 2(N + 1) �!:�ë. ïÄuy, 3D(�Z

6e, VG Ú HVG �ä¥�A�ë�!:´ÉD(
:�ä, éï��J�)K�, ÄåÆA5�D(
ùX. dã 1 Úã 3 ��, LPVG �ääk�r�ë
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�5, �§ë�U
�NS�ÅÄª³, 3kD(
��¹eEU�N&Ò�ÄåÆA5.

3 �.µd

�
�	n«�mS�ï��{é±Ï!©
/!·b9Ù\D&Ò�·A5, �©ÏLO��
äÝ©ÙÚà8Xê, ©O�	n«�{éØÓ&
ÒA��£OUåÚ|D(Uå.

3.1 ©©©///���mmmSSS���

Lacasa � [16] �Ñ, ÏL VG ï��{, ±Ï�
mS�=z�5K�ä, �Å�mS�=z��
Å�ä, ©/�mS�=z�ÃIÝ�ä. �©À
�ü«ØÓa.�©/S�, = Conway S�Ú©
/ Brown $ÄS�, �	n«ï��{é©/9Ù
\D&Ò�·A5. Conway S�´d(½548
�)�©/�mS� (ã 4), oämq±Ï�î�
|Ü(�Úg�qA�. 48úª� (À�S��
Ý n � 60000):

a(1) = a(2) = 1,

a(n) = a(a(n − 1)) + a(n − a(n − 1));

n > 2. (3)

3 & Ò A � £ O � ¡, X ã 5 ¤ «, VG

Ú LPVG �äÝ©Ùäk�Æ/ª, üö�Æ�
ê�C, L² VG Ú LPVG �{þ�ò Conway S
�=z�ÃIÝ�ä. �´, HVG �äÝ©Ùdk
¸�¤, ù�±ÏS�Ý©Ù�3�½§Ý��q
5, L² HVG �{Øä�£O Conway S�©/
A��Uå.

3|D(�¡, =é VG Ú LPVG �{?1�
	, Xã 6 ¤«. �©�mS�U\ 40 dB Gauss x
D(�, VG Ú LPVG �äÝ©Ù�Æ�êu)�
�Cz, L²ü«�{þé�D( Conway ©/S
�·A5��.

ã 4 Conway ©/�mS�

ã 5 Conway ©/S�Ý©Ù (a) �Àã; (b) Y²�Àã; (c) k�B��Àã (N = 2)
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ã 6 Conway ©/S�\D&ÒÝ©Ù

©/ Brown $Ä (fractional Brownian motion,

fBm) ´;.��Å5©/, Ù�§ f(x) ´��¢
��Å�§:

P
{f(x + ∆x) − f(x)

‖ ∆x ‖H
< t

}
= F (t), (4)

Ù¥, x ´ E �î�m RE ¥��:; F (t) ��
ÅCþ t �©Ù¼ê, T�ÅCþÑlIO��
©Ù N(0, σ2); ‖∆x‖ �æ�m�; H � Hurst �
ê, XJ H < 1/2, @o©/ Brown $Ä�Oþ
´K�'�, H = 1/2 éAu²; Brown $Ä�
�¹, XJ H > 1/2, KOþ´��'�. �©æ

^ Matlab ¥� wfbm ¼ê)¤ 5 |�Ý n = 30000

�©. Brown S�, ©O� Hurst �ê H = 0.1,

H = 0.3, H = 0.4, H = 0.7, H = 0.9 ��©/�m
S� (ã 7), ¿�ï±þn«a.��ÀãE,�
ä.

3&ÒA�£O�¡, VG �äÝ©Ù��Æ
/ª (ã 8), �Æ�ê� Hurst �êO��g~
�; HVG �äÝ©ÙJuJ��Æ�ê; LPVG �
äÝ©Ù�A:Ó VG �äÝ©Ù�C, �Ù�
äÝ©Ù���Ñ, ØX VG �äÝ©Ù�Æ�J
Ð.

ã 7 ©/ Brown $Ä�mS�

ã 8 ©/ Brown $ÄÝ©Ù (a) �Àã; (b) Y²�Àã; (c) k�B��Àã (N = 2)
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3�ä|D�¡, =é VG Ú LPVG �{?1
�	. Xã 9 ¤«, 3�©S�U\ 30 dB Gauss x
D(�, VG Ú LPVG �äÝ©Ùu)��Cz, �
ØÓ Hurst �êe©/ Brown $ÄS�Ý©Ùu

)· , ù´Ï�©/ Brown $Ä´;.��Å
5©/, U\D(�©/A5´�ùX, ¤±, VG

Ú LPVG �{é�D(©/ Brown S�·A5�
�.

ã 9 ©/ Brown $Ä\D�Ý©Ù (a) �Àã; (b) k�B��Àã (N = 2)

3.2 ±±±ÏÏÏ999···bbb���mmmSSS���

�
�	n«�{é±Ï!·b9Ù\D&
Ò�·A5, À�e�&Ò9ÙD(&Ò?1ï�
¿O�Ù�äÝ©Ù. ©OU\D(rÝ� 20 dB

9 30 dB � Gauss xD(.

1) �u&Ò y = sin(5πx), æ�m�� 0.01, S
��Ý n = 1000.

2) Lorenz &Ò, æ^� Lorenz N��§�

dx

dt
= −10(x − y),

dy

dt
= −y + 28x − xz,

dz

dt
= xy − 8

3
z,

(5)

�Ð� (2,2,20) m©O�, À�Cþ x �S��, S
��Ý n = 2000.

3) Rossler &Ò, æ^� Rossler N��§�

dx

dt
= −y − z,

dy

dt
= x + 0.2y,

dz

dt
= 0.2 + z(x − 5.7),

(6)

�Ð� (−1, 0, 1) m©O�, À�Cþ x �S��,

S��Ý n = 2000. ÏL�äÝ©Ùé±Ï!·b
9Ù\D&Ò?1�	.

Xã 10 ¤«, du�u&Ò´ü±Ï�mS
�, Ý©Ùd5Kk¸�¤. 3\D�¹e, LPVG

�äÝ©ÙLyÑ
ûÐ�|DUå, =\D�

Ý©Ù/GÚÌ¸ �Ó\DcÄ���; VG �
äÝ©Ù3�rD(rÝe (20 dB) |D�J�;

 HVG �äÝ©Ù3¥% �Ñyé� �, Ã
{�(�N�äÝ©ÙA�.

ã 11 � Lorenz S��äÝ©ÙO�(J. d
u·báÚf�3Ø½õ±Ï;�, ��\D
� VG 9 LPVG �äÝ©Ù (ã¥J�) ¥Ø5K
õ¸©Ù/ª, �´, HVG �ä�Uk�LyÑ·
b&ÒAk�õ¸Ý©ÙA�, �Ý©Ù¥% �
�Ñyé� �. �'�e, LPVG ' VG �äÝ©
Ùäk�r�|DUå (ã¥¢�), =\D�Ý©
Ù/GÚÌ¸ �Ó\DcÄ���, L² Lorenz

·bXÚ%¹�ÄåÆA5vk�D(ùX.

ã 12 � Rossler S��äÝ©ÙO�(J.

� Lorenz S��äÝ©Ùaq, Ù¥ HVG �äE
�Uk�LyÑ·b&ÒAk�Ý©ÙA�, �'
�e, LPVG ' VG �äÝ©Ùäk�r�|DU
å.

2é�äà8Xê?1�	. b�!: i Ï
L ki ^>�Ù¦ ki �!:�ë, ù ki �!:�m
�õ�U�3 ki(ki − 1)/2 ^>, §��m¢S
�3 Ei ^>, K!: i �à8Xê�

Ci =
2Ei

ki(ki − 1)
, (7)

äk N �!:�ä�à8Xê�

C =
1
N

N∑
i=1

Ci. (8)
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ã 10 �u\D&ÒÝ©Ù (a) �Àã; (b) Y²�Àã; (c) k�B��Àã (N = 2)

ã 11 Lorenz \D&ÒÝ©Ù (a) �Àã; (b) Y²�Àã; (c) k�B��Àã (N = 2)
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éu��ë��5K�äk C = 1, ��
�á� “�ä”, à8Xê C = 0. L 1 �3ØÓD
(rÝe·b&Ò�äà8XêO�(J. Rossler

Ú Lorenz S�U\ Gauss xD(�, VG �äà8
Xê²w~�, �ÃD( VG �äà8Xê�e
2Ä 20%�m, L²à8§Ý~f, ë�5ÉD(

Z6��;  LPVG �äà8Xê�2Ä 2%�m,

L²3kD(��¹e, LPVG �äEU�N�©
S��ý¢à8§Ý. 'u LPVG �{�À� N

�À�, ²L�þ�ý�y, �©@�D(rÝ�
u 15 dB �, À� N = 2 �é±þ�«;.&ÒU

�)�Ð�|D�J.

ã 12 Rossler \D&ÒÝ©Ù (a) �Àã; (b) Y²�Àã; (c) k�B��Àã (N = 2)

L 1 3ØÓD(rÝe·b&Ò�äà8XêO�(J

S� �ä
�äà8Xê à8Xê

ÃD( 15 dB 20 dB 30 dB 40 dB ÅÄÇ/%

Rossler
VG 0.7202 0.5436 0.5335 0.5784 0.6702 19.27

LPVG - 0.7026 0.7155 0.7613 0.7736 2.10

Lorenz
VG 0.7287 0.5539 0.5631 0.5867 0.6753 18.38

LPVG - 0.7096 0.7262 0.7652 0.7809 2.01

nÜ±þ�	(J, ·�@�, 3&ÒØ¹D
(��¹e, VG ï��{é&Ò�£OUå`
u HVG Ú LPVG, ¿U
ÏL�äÝ©Ù�xS
��ÅÄA5. éu±ÏS�, VG �äÝ©Ùdk
¸�¤, ¿�X!:�ë�A5��, L²±ÏS
�äk5K�AÛ(�; éu©/S�, VG �äÝ
©Ù´�Æ©Ù/ª, ¿�Xë�5$�!:5�
é�, ë�5p�!:5�é�, !:ë�5�

5O��, !:5��ê~�, ùNy
©/S�
ÛÜ�q�N�A5, ��¡, ©/S�ÛÜ�q
5ép, �ë�5��!:EªÇp, ,��¡,

©/S�3?�ºÝkg�qA:, �AÛºÝO
�, !:ë�5AÛO�, ÑyªÇ�ê~�. éu
·b�mS�, VG �äÝ©Ù´Ø5K�õ¸(
�, ¿�X!:ë�5�q¥�3Ø(½5, ùL
²·báÚf�3Ø½õ±Ï;�.
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� VG �', LPVG 3&Ò�£OUåþ��
3�½Û�5, �é¹D(�±ÏÚ·b&Òk�
Ð�·^5. k�B�Uå�½§Ýþã+
��
!:��'5, -|D(:�Z6, l��'�
!:�D(�ä, �3
�§&E, �NS��Å
Äª³ÚÄåÆA5. ���Ñ�´, �ägê N

����, �´3���SOr
B�Uå, ÛÜ
�'5¿��Ü!à. Ïd, LPVG ã+&Ò��
*�'5, �3
&Ò�÷*&E.

HVG nØò�k�À5OK?1
?U, Ù
A:´?¿�Å�mS�äk�Ó� HVG �ä9
Ý©Ù/ª.

4 híYn�66.E,�ä

3��K|kcéR�þ,+¥híYn�

66.ïÄ¥ [31], |^p�õ4
�>�Da
ì (VMEA) 3S»� 125 mm �õ�66Ä�¥
æ8
híYn�6>�ÅÄ&Ò, ¿éhíY
n�6·báÚf/�?1
ïÄ. (JL², h
íYn�6´��äk(½5·bA����5
ÄåÆXÚ. du LPVG ï��{é·b�mS�
k�Ð�·A5, ��©æ^T�{éY�h�
G6 (oil in water type bubble flow)!Y�h�G -

ãlLÞ6 (oil in water type bubble-slug transitional

flow)!Y�hãl6 (oil in water type slug flow) Ú
ZGãl6 (emulsion type slug flow) >�ÅÄ&
Ò?1©Û?n. ã 13 �Y�ëY��Ê«;
.6.�>�ÅÄ&Ò (ã¥ Uso �h�L*�
Ý!Usw �Y�L*�Ý!Usg �í�L*�Ý,

ü  m/s).

ã 13 Y�ëY��Ê«;.6.>�DaìÅÄ&Ò

À�k�B�Àå N = 5, S��Ý n = 4000,

éo6þ� 40 m3/d ��O 50 |6Äó¹�hí
Yn�6>�ÅÄ&Ò?1 LPVG ©Û, ¼��ä
Ý©Ù�. ½Â!:²þÝ�� Kav, �¸�
P� Nmax (=äk�ÓÝ�!:��ê����),

± Kav �î�I, Nmax �p�I, ��Xã 14 ¤
«�híYn�66.�äA�ëê|ÜE£ã.

�±wÑ: éuY�h�G6 (oil-in-water bub-

ble flow)!Y�h�G - ãlLÞ6 (oil-in-water

bubble-slug transitional flow)!Y�hãl6 (oil-

in-water slug flow), Ù�äÝ©ÙA�ëê|Ü�
éÙ6.äk�Ð£OUå; duhYZGãl
6 (emulsion type slug flow) �Y�hãl6 (oil-in-

water slug flow) 3í�6Ä(�þäkíl��l
m�ª$ÄA5, ¤±, ùü«6.3 Kav-Nmax ²
¡þ�pU©Ù, E,�äE£(JÀ§���
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Ó6.A�. ��`²�´, �©À�õ�k�B
�Àå�éT|êâ?1ï�©Û, é'uyk�
B�Àå N = 5 éØÓ6.«©�J��²w, ¿
�«©�J`u�Àãï��{. 3k�B��À
ãï��{e, �äÝ©Ù¥J��ü«A�ëê
|Ü�én�6Y�h6.äk�Ð�£O�J.

ã 14 Y�hn�66.:3 Kav-Nmax A�ëê²¡©Ù

��K|Q¦^õ�mS�Úü�mS��
'êâ©Û�{, �«�mS�·bÄåÆ, ¿A
^uü�66.��5ÄåÆïÄ. �©é Lacasa

�JÑ��Àãï�g�?1#�&¢, ¿�A^
uõ�66.ïÄ¥. LPVG U«
 VG �{{ü
¯$, E,Ý$�A:, Bué��mS�½�þ

&Ò?1¢�?n. Ó�, LPVG k�Ð�|DU
å, éu·,D(�¢Sÿþ&Òk�Ð�·^5.

5 ( Ø

1) �©JÑU?� LPVG ï��{Uk�J
�±ÏÚ·b&ÒE,�äA�þ, ' VG 9 HVG

�ääk�wÍ�|DUå. ÏLé©/S��ä
Ý©Ù�	, HVG Øäk�Æ/ª��äÝ©Ù
A�; VG 9 LPVG �äÝ©Ù¥ÃIÝ�Æ/ª,

�ü«�äÝ©Ûé�D(©/S�·A5��.

ÏLén«ï��{�±Ï!©/9·b&Ò�
nÜ�	, 3ÃD(��¹e, VG ï��{é&Ò
£OUå�`u�üö.

2) æ^ LPVG ï��{lhíYn�6>�
ÅÄ&Ò¥J�
�äÝ©ÙA�ëê (!:Ý²
þ�9¸�), ÏL�äÝ©ÙA�ëê|Ü�¢y
én«;.6. (Y�h�G6!Y�h�G - ã
lLÞ69Y�hãl6) �Ð�E£�J.

�©é VG ï�g�?1#�&¢, ¿òÙA
^uõ�66.ïÄ¥. e�Úòéõ�6ÔnA
5Ú LPVG �{��éA'X?1�º, ±Ï�«
õ�6E,Ôn6ÄA5.
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Limited penetrable visibility graph for establishing
complex network from time series∗
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Abstract

We propose an improved visibility graph method, i.e., limited penetrable visibility graph, for establishing complex network from

time series. Through evaluating the degree distributions of three visibility algorithms (visibility graph, horizontal visibility graph,

limited penetrable visibility graph), we find that the horizontal visibility graph cannot distinguish signals from periodic, fractal, and

chaotic systems; for fractal signal, the degree distributions obtained from visibility graph and limited penetrable visibility both can be

well fitted to a power-law (scale-free distribution), but the anti-noise ability is not good; for periodic and chaotic signals, the limited

penetrable visibility graph shows better anti-noise ability than visibility graph. In this regard, we use the limited penetrable visibility

graph to extract the network degree distribution parameters from conductance fluctuating signals measured from oil-gas-water three-

phase flow test. The results indicate that combination parameters of network degree distribution can be used to classify typical three

phase flow patterns, e.g., oil-in-water bubble flow, bubble-slug transitional flow and slug flow.

Keywords: complex network, statistical characteristics, limited penetrable visibility graph, model evaluation
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