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.D�J�ÑCi (�©�ö
' : XDJK2014C044, 2362015XK07) Ct�ÙN©-�

�Ž?· =�,³C^�•>‚-v+U(Ÿ�‰�»
:0�H�?·+U(Ÿ#q�Þ , �/=�,³C^�Õ73,º�ü.¤�=#�73�·�]f�ùF�+U
³0��œ

.J0¬�D�Ê+^ . �V5�,º$µ�ÔPÂ#�FPH��„ , �(��#�#•�ÐQ�FPH��¶�e�Ý+U,º#H�=�,³C^�Õ73 , �0�ÄA×1Í WÁ

,º�]?ú W=�,³C^�Õ73Nº#•�e
D�0��,��+U(Ÿ���¥�œ,º�n�ù�1�×�•�6 . �‰�ƒ�0�Ä�p�ž�œ�–,º�ï#�FP�n

�û�©#��/�Â�ž�`�=Aæ�Õ73,º=�,³C^,º�Õ73Nº#• , 6B�3+›�¼�(�=#��Õ73,º=�,³C^
%73�Ž^,º8 Dá�Õ73

�=Aæ,º�C�Â�ª�] , Nº#•2ô�Ü�?L†. �b�½5	
>�0��b�‰�x!W5	�º�©31
Â=�,³C^�È�’5‡���¥ , AôA×�¼�60�

�?
G$-
>4 (directed hybrid graph, dHG) �/�@F&���¥F�>‚��F& , �¬^!š�0.v�@���0�60��0�Ä�?
G$-
>

4H�
e�ÞLÅ�p$nC¦,º=�,³C^�Õ73Nº#•�ï#� —— dHG. �b�½���0,º dHG �ï#��C�û73>›�{�(.�G��<�Õ

73�=Aæ,º=�,³C^�æ�Õ73, F�73Nº#•�Õ73�Â�ž�`.�,º=�,³C^�æ�Õ73 . ^G«"�:�
Â�ð2±=�,³C^�@,º�ÔPÂ

5	�Ò>ž�D , dHG ^�P0�Aú�-�ÜH��@,ºNº#•�]73}�N�Ä)æ�?�ï#� , �J�~)½�*Q� .

�©KdB� =�,³C^�Õ73Nº#• �p�ž�œ�– �?
G$-
>4 LÅ�p$nC¦ �0��b�‰ =�,³C^�È�’5‡

1 �K@6

<û,CX�_+O
#k�Ø,´(™CX�*.p , �³�—>|-p+O(™�ƒ�µ
4/ýGý?±,´�Ï7- , �²+O(™4ô4÷,´�´FP, ��
',´

Aö�[
¼�P�,1y . <û,CX,´�Ï7-���Ÿ�=�õ7-�j+O
0��–.D0¦���Ë	ò'—���Ÿ , �)+î+õ�j*6�6�À�>B3�×�Ã�à

9Ÿ
ñ.D
��Ã�Ì�Œ(™�ó�×�Ã+O(™7-$À�0
�1y.D0¦N¶��G-�9-p�óF��Œ+X [1]. XE÷	ë 10 �J�¤�] , <û,CX,´

�Ï7-�=�Ý�þ+O(™�ÎP¼�]#{�* , �¦$+�Ð�`<û,CX�Ï7-�7Aà� �ž�Ã�] (�² gene ontology) [2]. 'f6<L¿-p#§Gÿ

Q�FJGÿ� �ž,´�×+O , �µ�7#��Ï7-,´<û,CX� Gÿ�ýXO�FO�ÎK¯ . �P5��*�¾$¯�ÎP¼,´�Ï7-#{�Ê�é#��@�\Q� ,

FJGÿ�~�D
�L€�¾�ÎP¼�‘�& , �,8$�"�7#��Ï7-<û,CX,´�Ï7-�7AàFJ�h�_�=�¼�¤,´ , �ˆX5j�a,´�Ï7-�7Aà .

�ƒ�}�".�,´4Ö 20000 �Z�ê2«<û,CX�]�9 2/3 ,´<û,CX�Ï7-���Ÿ�_�Z.��F�=�¼�¤,´ , �Ï�µF��0!•$!�•.D

0¦ [3]. �*�¾�j�˜�–�•,´AÑ1Ç�é#�7-�O�W?ô Q8��ØN´#{<û,CX�Ï7- , �j
>5�<û,CX�Ï7-#{�Ê�ÎP¼���Ë�7

�, , �ÿ�A�ÎP¼P¼Añ,´?ô Q
¼�@�\, F��Ë�¤�Ç�`�¶�¯#�,´.D0¦ [1, 4].
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Figure 1 An example of the partially labeled proteins

.D0¦
�)à , ���9-(�l"X�*G¨�¿�G
¼�95$5��´,´<û,CXFJ�h�¡�Û-(
<,´�Ï7- [5, 6]. <û,CX�{L$FJE÷

�Â�Œ�¼�@�§�ƒ,´+O(™�Ï7- , F	�Z�Â�Œ,´<û,CX�{L$FJ�h�’�@�0�Z�Ï7- Q‡�FFJD� [7, 8]. �*�¾<û,CX,´

�:F +O(™�–(©�W, .D0¦65���*�J/ý�*�¾<û,CX�¿�G�Ã�95$5��´�Ã�*�>˜Eî���Ÿ�Ã�Â�Œ5•
¼FJD�� �ž,´

<û,CX�Ï7-N´#{�é#� [4, 8]. L¿-p
4/ý�2�´+O(™� �ž,´�=�Ý9ç
� , �0�Ë.D0¦65���*�¶�J/ý� �žLö�@�é#�

�)�:F <û,CX� �žF�>|�¤
8�Y+X , X�0�Ê0;�Ö�:�{�=�¶	…/ý� �ž$À�ÿF <û,CX+O(™���Ÿ,´�=Cã , F��0

!•��Q��¶<û,CXN´#{,´2î�Ö [9, 10]. 
<�0�Z<û,CXFJ�h	ò�>�`�=
<,´+O
#k�Ø�] , �§�9�J�Z�=
<,´�Ï7- ,

!ÿ�Z�Ï7-
���?ö�j�0�Z�7Aà . ���O,´<û,CX�Ï7-N´#{�é#�FJ�h�º�Ï7-N´#{L�NÈEœ	F�j�¼�62«L�NÈ , �)

!ÿ�Z�Ï7-�7Aà�6�[F�>|N´#{ [6], F	2«�é#��-+•�¶�Ï7-�7AàL$,´�£6„�£3+
¼�Ï7-�7Aà,´�=�£>‘(©�W , N´

#{2î�Ö�=Q� . F��O , .D0¦65�0�û�6�Ï7-N´#{L�NÈEœ	F�j�J�7Aà�–�•L�NÈF�>|.D0¦ [10∼13], F	2«�é#�FJE÷

�Y+X�Ï7-�7AàL$,´�£6„�£3+9ç�Ç�¶E³Q�,´N´#{2î�Ö . �vF	2«�é#�FJ�h�õ�Y+X�¶�7AàL$,´"d�£�£3+ , �Z

�u�6�Y+X�7AàL$,´�r!Q5��´�£3+ .

�"�9.D0¦
�)à , �Ï7-�7AàL$,´�r!Q5��´�£3+X<û,CX�Ï7-N´#{�]
��U-p8#�£Gý?±,´�Œ+X [14, 15]. �*

��\�ƒ (gene ontology, GO) �Œ�j�0/ý�¯#��¯+X,´<û,CX (�F�*��×(™ ) �Ï7-�7Aà93�? , �³+X�0�Z�9
A

��)ß.�ÿF �Ï7-�{L$,´�£3+ . . 1 �]���×,´�€.	£�j�0�Z GO �9
A��)ß.,´1°	…/j�» , �€.�]8²&éL$

,´�9
A1Ý�d>˜/j�7Aà�{L$,´�r!Q5��´�£3+ , �² GO:a �j GO:b 
¼ GO:c ,´(f8²&é , GO:a �j GO:d ,´/†

�x8²&é . 
#Eé,´�€.�j�0�Z<û,CX�Â�Œ5•,´/j�» , 8²&é,´F�4ï>˜/j<û,CX,´�Â�Œ , F�4ï,´2Ç�Ö>˜/j�Â

�Œ,´�j�Ö�F5ž���Ö . <û,CX,´�Ï7-�7Aà���ŸFJE÷�Ï7-�7Aà
¼<û,CX�{L$,´F�4ï>˜/j , �¦�]�Î4ï>˜/j<û

,CX�".�,´�Ï7-�7Aà���Ÿ , <Š4ï>˜/j<û,CX,´5j�a�Ï7-�7Aà (<û,CX�ÎLu�§�9B��Ï7- , �vB��Ï7-�J�Z

>Û�7#��`B�<û,CX�: ), F	�Ë5j�a,´�Ï7-�7Aà0 �j<û,CX,´�à�Ï7- . �j�¶1°#1 , �¼�˜�Z�7#�<û,CX (P3,

P4 
¼ P5) ,´�à�Ï7-�7Aà�¦�ZX.�]�ƒ)à . 
���
�)à , !ÿ�Z<û,CX,´�".��Ï7-�7AàLö
8
����Ê�y�0�Z

�r!Q5��´. , B�<û,CX,´5j�a�Ï7-�7Aà
�7-�_F	�Z5��´.�]8²&é,´�€�‰8²&é . �² P1 ,´�r!Q5��´.+a

GO:a 
¼ GO:c �´�@ , �³,´5j�a�7AàFJ�h�_ GO:a (�F GO:c) ,´�€�‰8²&é . F	�Ë5j�a�Ï7-�_<û,CX�".�

�Ï7-,´F��0!•4ö	F , 	5
[�¶�$�J,´+O(™�–���Ÿ , �$�§�9�7�,�?�y . �\�·�6�*�¾F	�0	Ï*6 , .D0¦�²�…�Y+X

�Ï7-�7AàL$,´�r!Q5��´�£3+
¼<û,CX�Â�Œ5• , N´#{�".�G��6�Ï7-<û,CX,´�à�Ï7- (	£�6.�],´<Š4ï
�

�j�Î4ï ) 
¼�¼�˜�Z�7#�<û,CX,´�à�Ï7- . -Lu�W?ô Q<û,CX�Ï7-N´#{Aô#{4ô4÷F��O�•�£#��`F	�ZL�NÈ ,

�¦�6N´#{�".�G��6�Ï7-<û,CX,´�à�Ï7-�Œ�j�0�Z�à,´�+�Ñ [1, 16].

N´#{�".�G��6�Ï7-<û,CX,´�à�Ï7-
���Eœ	F�j�J�7Aà�a�7Aà�–�•�é#�F�>|.D0¦ [17∼19]. �² Sun

1y [17] ���*�0/ý�J�7Aà�a�7Aà�–�•�é#� , B��é#��w�Ê�=
<�7Aà,´�g�\�{L$�ˆXE³�W,´L$LÄ , !ÿ�Z�7Aà

�õ	5
[�AGÿ,´�g�»
¼�7Aà�{L$,´�£3+
�FJE÷�04ô�*�¾�~0�FlF�,´�£6„�ÿF . �vB��é#�M0FJE÷6G�&,´
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�¼!Q?ô�B"r
��~0�FlF� , Lî���4*6E³�W,´� �ž
¼�7AàLö
8 . Bucak 1y [18] ���*�0/ý�*�¾�Â�¿�•�a
¼4ô

00+¿�•�a,´�a�7Aà�–�•�é#� MLR-GL, B��é#�
����Y+X�=�¼�¤�7Aà,´�g�\N´#{�7Aà�¼�˜�Z.��g�\,´�7

Aà. Yu 1y [19] ���*�0/ý�*�¾�a�7Aà�–�•,´�Ï7-N´#{�é#� , B��é#��*�¾�Ï7-�7Aà�{L$,´�£6„�£3+
¼<û,

CX�".�,´�Ï7- , N´�`<û,CX,´5j�a�Ï7- . X!”�*.p�: , 5�
8<û,CX�Â�Œ5•F��0!•N´#{�".�G��6�Ï7-<û,

CX,´�à�Ï7-
¼�¼�˜�Z�7#�<û,CX,´�Ï7- . Yu 1y [20] �w�Ê<û,CX,´�Ï7-�ÍC†�¾<û,CX,´(©�±���Ÿ , ���*

�0/ý�0�W	F�ÍC†,´�Ï7-N´#{�é#� ProDM.

'f6< , �:F �a�7Aà�–�•�é#��õ�Y+X�¶�Ï7-�7Aà�{L$,´"d�£�£3+ , �-+•�¶�)�7AàL$�r!Q5��´�£3+,´

�Y+X. �~�–E¹1y [21] 5�
8�Ï7-�7Aà�r!Q5��´�£3+�Ê�y�Ï7-(©�2,´<û,CX�Â�Œ�€5• , �*�¾�€5•N´#{<û,

CX,´�à�Ï7- . Tao 1y [22] 5�
8�Ï7-�7AàL$,´�r!Q5��´
¼<û,CX,´�".��Ï7-�7Aà , �Ê�y<û,CX�{L$,´B�

�y-(�l�W�ÖGÿ , �¦�*�¾!”�ÖGÿ�Ê�y<û,CX�{L$,´F�Fë�£3+ , �½�O�Ù k F�Fë�62«�˜N´#{<û,CX,´�à�Ï7- .

Done 1y [23] X<û,CX�Ï7-�7Aà�£6„.�Le�:5�
8
AGÿ0ªL$ Q» , %ŒB��y�6�À
¼�w�2�l�6@�N´#{�ê2«<û

,CX,´�à�Ï7- . �vF	�Ë�é#���#�N´#{�Ï7-�¼�˜�Z.�<û,CX,´�Ï7- . Yu 1y [24] ���*�0/ý�*�¾�r!Q�a�7Aà

,´�Ï7-N´#{�é#� PILL. PILL �*�¾�7AàL$,´�r!Q5��´�£3+
¼�7Aà,´�6�3���Ÿ�Ê�y�¶�0/ý�7AàL$�£3+�Ö

Gÿ, �*�¾!”�ÖGÿN´�`<û,CX,´5j�a�Ï7-�7Aà , �½5�
8<û,CX�Â�Œ5•N´#{�".�G��6�Ï7-<û,CX,´�à�Ï7-


¼�¼�˜�Z�7#�<û,CX,´�à�Ï7- . 'f6<B��é#�XN´�`5j�a�Ï7-�7AàE÷0;�]�¦"Ñ�963<•�7AàL$,´�r!Q5��´

�£3+, �é�C�×+OE³�J,´�wLc�WN´�` .

J¸�)�:F L�NÈ , �\�·���*�0/ý�*�¾�9
A$'
8.,´<û,CX�à�Ï7-N´#{�é#� dHG (novel protein func-

tion prediction using directed hybrid graph). dHG ,´�k?±#q0;�²�; : (1) �*�¾�Ï7-�7Aà5��´�£3+
¼<û,

CX�Â�Œ5•�´FP�0�Z�9
A$'
8. (�². 1 �p/j ), .�]!ÿ�Z8²&é�)�Ä�0�Z�Ï7-�7Aà�F<û,CX ; (2) 5�
8<û

,CX�"�9,´�Ï7-�7Aà
¼<û,CX�Â�Œ�£3+XB�.�:�Ê�y�7Aà�{L$,´Eœ0+�²)· , 	ú�7Aà�><û,CX�{L$,´Eœ

0+�²)· ; (3) XB�.�:F�>|Gý
_�ØL¿�j$hC N´#{<û,CX,´�Ï7- . XG¥!ý9ü
¼�ê2«<û,CX�:,´�ÎP¼5��Ì>˜

�> : dHG �=�õ7-�ON´#{�".�G��6�Ï7-<û,CX,´�à�Ï7- , 6<�D7-�ON´#{�Ï7-�¼�˜�Z.�<û,CX,´�Ï7- , �¦

�W7-�n:‡�H�¾)à�9�é#� . �;�·�6�)B��é#��§�ƒ���Œ	Ï*6
¼E÷0;F�>|B�4ö�ÿF .

2 �0�Ä�?
G$-
>4,º�g�=AæNº#•

dHG �k?±+a�Ï7-�7Aà�{L$,´Eœ0+�²)·�Ê�y
¼�9
A$'
8.�:,´Gý
_�ØL¿�j$hC �TG��6�´�@ , �\8²

�6OÆ�x�)�9
A$'
8.�:,´Gý
_�ØL¿�j$hC 1Ç#�F�>|Gý&é�ÿF , �½�)�Ï7-�7Aà�{L$,´Eœ0+�²)·�Ê�yF�>|

�û4ý .

2.1 �?
G$-
>4�@,ºH�
e�ÞLÅ�p$nC¦

<û,CX�{L$FJE÷�Â�Œ�¼�@�J/ý+O(™�Ï7-, F	�Ë�Â�Œ,´<û,CX�{L$�´�@�¶�0�Z<û,CX�Â�Œ5• , �³��


�7-�¡�Û-(
<,´�Ï7- , 6<<û,CX�{L$,´�Â�Œ
���FJE÷.F�>|�ÿF , �!”�¸�J�*�¾.,´�62«�é#�>Û�Ä+X

�`<û,CX�Ï7-N´#{�] [12, 25,26]. F	2«�é#�FJ�h�º!ÿ�Z<û,CX�ƒ�Œ.�:,´�0�Z8²&é , �½X.�:AîAÑ1Ç#�

(�²�71®�P�Ý ) N´#{<û,CX,´�Ï7- . �·)^ [12], [26] 
¼ [27] X�71®�P�ÝE÷0;�]�E�•�Ï7-�7Aà�{L$,´�£6„

�£3+, ��Q��¶N´#{2î�Ö , �vF	�Ë�é#�X�71®�P�Ý,´E÷0;�]�é�C�*)à�"�9�Ï7-�7Aà>Û?¶-�,´NþL™ . �j�¶

�{�=F	�ZL�NÈ , �·)^ [10] ���*�¶�0/ý�9
A	ü�£3+. , B�.L€�f�Ï7-�7Aà���Ÿ�õ7-
A<û,CX�Â�Œ�€5•�P

�Ý , B��é#�<��Q��¶�0�Ê,´2î�Ö , �v�>�:F �é#�2«�l , �³"Ñ�9�¸�`�Y+X�Ï7-�7AàL$,´�r!Q5��´���Ÿ .
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��9
A	ü�£3+.
_
� , �\8²�*�¾�Ï7-�7Aà�{L$,´�r!Q5��´�£3+�Ã<û,CX�Â�Œ5•
¼<û,CX�>�Ï7-�7

Aà�{L$,´�£3+�´FP�0/ý�². 1 �p/j,´�9
A$'
8. . B�$'
8.+a�T/ý8²&é
¼ 3 /ýEé�´�@ , �T/ý8²&é�6�[

�_�Ï7-�7Aà8²&é
¼<û,CX8²&é , 3 /ýEé�6�[�_<û,CX�{L$,´Eé�Ã�Ï7-�7Aà�{L$,´�9
AEé�Ã<û,CX�>�Ï

7-�7Aà�{L$,´Eé . �ƒ�T�Z<û,CX�{L$�ˆX�Â�Œ�& , �³���{L$�ˆX�0�‘Eé ; �ƒ�T�Z�Ï7-8²&é�ˆX(f�€�£

3+�&, �³���{L$�ˆX�0�‘+a(f8²&é�7
A�€8²&é,´Eé ; �ƒ�".�<û,CX,´���Z�Ï7-�7Aà�& , B�<û,CX�>F	

�Z�Ï7-�7Aà�{L$�•�ˆX�0�‘Eé .

�� N >˜/j<û,CX�Z�  , C >˜/j�Ï7-�7Aà,´�Z�  . �9
A$'
8.�:,´L¿�j$hC 
�FJE÷.�:8²&éL$,´

�²)·Eœ0+.�Le W ∈ R(C+N)×(C+N) �ÿF ,

W =

 αWFF (1− α)WFP

(1− α)WPF αWPP

 , (1)

�¦�] , WFF ∈ RC×C 
¼ WPP ∈ RN×N �6�[�ÿF �Ï7-�7Aà�{L$
¼<û,CX�{L$,´Eœ0+�²)· , WFP ∈ RC×N

�ÿF �Ï7-�7Aà�><û,CX�{L$,´Eœ0+�²)· , WPF �j WFP ,´Eœ5ž, α ∈ (0, 1) �)�Ï7-�7Aà�€.
¼<û,CX�Â

�Œ�€.,´-(�)Gý?±�WF�>|B3�× , 1−α �)L¿�j$hC �€�þ�0�Z�€.D#�`
��0�Z�€.,´NÁ)·F�>|B3�× . WFF


¼ WPP ,´AÑ1Ç�é�?�j

WFF = D
−1/2
R,FFSFFD

−1/2
L,FF , WPP = D−1

PPSPP, (2)

�¦�] , SFF �_�0�Z C × C ,´.�Le , >˜/j�Ï7-�7Aà�{L$,´�£6„�£3+ , �¦�§�ƒAî5ž�6X
>M’,´�?8²�]B�4ö

�û4ý . SPP �_�0�Z N × N ,´�)0 .�Le , >˜/j<û,CX�{L$�Â�Œ,´�j�Ö , DR,FF 
¼ DL,FF �6�[�j C × C

,´�)@�.�Le , �¦�)@��s3P�6�[�j SFF ,´>|
¼�>�G
¼ , DPP �_�0�Z�)@�.�Le , �¦�)@��s3P�j SPP ,´>|
¼

(�F�G
¼).

2«�l` , WFP 
¼ WPF ,´AÑ1Ç�é�?�j

WFP = D
−1/2
FP SFPD

−1/2
PF , WPF = D−1

PFSPPD
−1/2
FP , (3)

�¦�] , SPF ∈ RN×C �_<û,CX�>�Ï7-�7Aà�{L$,´�£6„.�Le , 9�<û,CX i �§�9�Ï7- c, �I SPF(i, c) = 1; 
V

�I SPF(i, c) = 0. SFP �_ SPF ,´Eœ5ž. DFP ∈ RC×C 
¼ DPF ∈ RN×N w�j�)@�.�Le , �¦�)@��s3P�6�[

�j SPF ,´�G
¼�>>|
¼ .

�þ. 1 
���?ò���`!ÿ�Z�Ï7-�7Aà8²&é�>�04ô
<�³�9�£6„,´<û,CX�{L$�ˆXEéF��Õ , �\�·�º1\ c �Z

�Ï7-8²&é
¼�".��§�9B��Ï7-,´<û,CX�¡
<�Œ�j�0�ZLö
8 Gc, �¦�Ê�y�²�; :

Gc = vFc ∪ {vPi |SPF(i, c) = 1}, (4)

�¦�] , vFc �j$'
8.�]1\ c �Z�Ï7-�7Aà�)�Ä,´8²&é , vPi �_$'
8.�]1\ i �Z<û,CX8²&é. �ƒ?±�T�Ê<û,CX

j �_
V�§�9�Ï7-�7Aà c �& , 
����*�¾<û,CX j �> Gc �]�J�Z<û,CX�{L$,´�£3+�T�Ê , 6<�=�_�*�¾	…�Z

<û,CX�T�Ê . F	/ýAî5ž1V
8<û,CX�Â�Œ5•,´+O(™�–(©�W
¼���•5��´(©�± : �§�9-(
<�Ï7-,´<û,CX�{L$

FJ�h�ˆX�Â�Œ , F	�Ë<û,CXFJ�h�J�’�@�0�Z<û,CX�Ï7- Q‡�F�Ï7-FJD� [7, 8].

�� Y ∈ R(C+N)×C >˜/j C �Z�Ï7-�7AàX$'
8.�: C +N �Z8²&é�:,´�6�3���Ÿ , Yc ∈ RC+N >˜/j

�Ï7-�7Aà c XF	�Ë8²&é�:,´�6�3���Ÿ , �¦�Ê�y�²�; :

Yc =

 βY F
c

(1− β)Y P
c

 , (5)
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�¦�] , Y F
c ,´1\ c �Z�s3P�j 1, �¦��w�j 0; Y P

c ∈ RN �_ c X N �Z<û,CX�:,´�6�3���Ÿ , 9� SPF(i, c) = 1,

�I Y P
c (i) = 1/

∑N
i=1 SPF(i, c), 
V�I Y P

c (i) = 0. β ∈ (0, 1) B3�¤�7Aà8²&é
¼<û,CX8²&é�{L$,´�sGý . Yc


���-;�Œ�0�ZL¿�j$hC �€ c X C +N �Z8²&é�:,´�M�û�6�3 .

�Â�Œ,´<û,CX�{L$�¸
�7-�¡�Û�Ï7- , �!”�0�Z<û,CX,´�Ï7-
��O�Ù�>�¦�Â�Œ<û,CX,´�Ï7-F�>|N´

#{ [25, 27]. X�9
A$'
8.�Ê�y,´�*.p�: , Gý
_�ØL¿�j$hC -��7�é0;�j [28]

F (t+1)(i) = (1− γ)
C+N∑
j=1

W (i, j)F (t)(j) + γY (i), (6)

�¦�] , F (t)(i) ∈ RC >˜/jX1\ t !QF����]1\ i �Z8²&é�:N´#{,´�Ï7-�7Aà�6�3�²)·
AGÿ , Y (i) ∈ RC >˜/j

1\ i �Z8²&é�M�û,´�7Aà�6�3�²)· . W (i, j) >˜/j8²&é i 
¼ j �{L$Eé,´�sGý , �³,´�Œ+X�_�PFB<û,CX (�F

�Ï7-�7Aà ) 8²&é j �:,´�7Aà���Ÿ�`8²&é i, F�6<N´#{8²&é i �:,´�Ï7-�7Aà�6�3�²)· . γ ∈ (0, 1) �_L¿�j$h

C Gý
_�Ø,´�²)· . �� F (0) = Y , 
��Ç

F (t+1) = ((1− γ)W )t+1Y + γ
t∑

k=0

((1− γ)W )kY . (7)

� γ ∈ (0, 1), 0 6 W (i, j) 6 1, �:�?�],´1\�0N©X�J!QF���
>�6C»
A 0. �:�?�],´1\�¼N©
∑t

k=0((1 −
γ)W )k �_�0�Z1y"�� �G , �¦�±L€�j

lim
t→∞

t∑
k=0

((1− γ)W )k = (I − (1− γ)W )−1, (8)

�¦�] , I ∈ R(C+N)×(C+N) �_�0�Z	…�}.�Le . X!”�*.p�: , 
��Ç�? (7) ,´�n�?@�

F = γY (I − (1− γ)W )
−1

, (9)

�þ�? (9) 
���-;�* , �04ø,´N´#{5��Ì F +aW 
¼ Y �¡
<�ã�Ê , 6<Y 
¼ W �],´�€. WPP, WPF, WFP


��ã�¾�".�,´<û,CX�Ï7-�7Aà
¼<û,CX�{L$�Â�Œ���Ÿ , w+a� �ž�Ã-$�Õ���Ë . �!” , �\�·J¸�)-(�£�é

#��Z�u�6�Y+X�7Aà�{L$�r!Q5��´�£3+,´�=Cã [10,12,19,20], X�Ï7-�7Aà�€5• WFF �]�E�•�Ï7-�7Aà8²&é

L$,´�r!Q5��´�£3+ , �Y+XF	/ý�£3+��Q�<û,CX�Ï7-N´#{,´2î�Ö .

2.2 �Õ73�=AæL*,ºE¢01�¸)½

�WGÿ.D0¦
�)à5�
8�Ï7-�7Aà�{L$,´-(�£�W
�����Q�<û,CX�Ï7-N´#{,´2î�Ö [14, 15,24]. �¸�J)à�91Ç

#��Y+X�‰�V-(�l�Ö
¼ Jaccard Index -(�l�Ö1y�ÿF �Ï7-�7Aà�{L$,´�£6„�£3+ , F	�Ë�é#�FJ�h�õ�£#��¶

�7Aà�{L$,´"d�£�£3+ , �¦�Z63<•�Ï7-�7Aà�{L$,´�r!Q5��´�£3+ [10, 12,19,20,27]. PILL 5,
863<•�¶�Ï7-�7

AàL$,´"d�£�£3+
¼�r!Q�£3+ , �vXN´#{,´E÷0;�]�¦�Z�Y+X�7Aà�{L$,´�r!Q5��´�£3+ [24]. 6<<û,CX,´�à

�Ï7-FJ�h�_�".��Ï7-,´F��0!•4ö	F , F	�Ë4ö	F,´�Ï7-�V�9�$�J,´+O(™�–���Ÿ [15, 22,24]. �!” , �Ï7-�7Aà

�{L$,´�r!Q5��´�£3+X<û,CX,´�à�Ï7-N´#{�]8#�£Gý?± . X5�
8�".�,´<û,CX�Ï7-�7Aà�6�3���Ÿ
¼�*

��\�ƒ5��´�£3+,´�*.p�: , �\�·AîAÑ�0/ý�M�û	F�Ï7-�7Aà�€5• WFF ,´�é#� .

�w�Ê c �j�Ï7-�7Aà8²&é d ,´(f8²&é , Nc 
¼ Nd �j N �Z<û,CX�]�6�[�7#��Ï7- c 
¼ d ,´� Gÿ , +a

�Ï7-�7Aà�{L$,´ True Path Rule ?ô�I
�.� Nc > Nd. �� P (d|c) >˜/j�".��0�Z<û,CX�§�9�Ï7- c �&B�

<û,CX�§�9�Ï7- d ,´�²)· , P (d|c̄) >˜/j�".��0�Z<û,CX�§�9�Ï7- c̄ (L” c ���F,´�¦��/†�x8²&é ) �&B�
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A$'
8.,´<û,CX�à�Ï7-N´#{

<û,CX�§�9�Ï7- d ,´�²)· . Yu 1y5�AÑ.D0¦
�)à P (d|c) > P (d|c̄), ��j�ƒ�".��0�Z<û,CX�7#��9�Ï7- c

�& , B�<û,CX�•�7#��¶ c ,´/†�x8²&é�)�Ä,´�Ï7- , �v�ƒ�0�Z<û,CX�7#��9 c ,´/†�x8²&é�)�Ä,´�Ï7-�& ,

B�<û,CX�=�0�Ê�7#��98²&é c �)�Ä,´�Ï7- [24]. +a�¾<û,CX,´�Ï7-�7Aà���Ÿ�=�¼�¤ , �=�Ì-$�Õ�Y+X Nc


¼ Nd ,´"��l�Ê�y P (d|c), 6<FJE÷���;�é�?AÑ1Ç ,

P (d|c) =


NdN̄d

N2
c

, Nd > 0,

1/h, Nd = 0,

(10)

�¦�] , N̄d = Nc −Nd, h �j c ,´-$3+�™�€8²&é�Z�  . �\�·�)�Ï7-�7Aà,´�=�£>‘�õ�åF�>|B3
¼ , �ƒ d �)�Ä

,´<û,CX� Gÿ Nd E³�J�DM•F� Nc �& , !”�& N̄d E³�? , >˜�>5j�a�Ï7-�7Aà d ,´<û,CX� Gÿ
�7-E³�A , FJ

E÷N̄d 
����6�‘�&�²)· P (d|c) B3�?; �ƒ�".� Nd E³�?6< Nc E³�W�&, !”�& N̄d E³�W, >˜�>5j�a�Ï7-�7Aà

d ,´<û,CX� Gÿ
�7-E³�J , FJE÷N̄d 
����6 P (d|c) B3�W; �ƒ Nd = 0 �& , >˜�>
�7-F�"Ñ�9XF	 N �Z<û

,CX�:F�>|-(�£,´+O(™�–�Ï7-�ÎP¼�ð#{ , �!”Aî5ž P (d|c) �j 1/h. 
<*6 , 9� Nc = 0 �D c �9 h �Z-$3+�™

�€8²&é , �•Aî5ž P (d|c) �j 1/h. +a�¾<û,CX,´�à�Ï7-FJ�h�_�".��Ï7-,´F��0!•4ö	F , F	�Ë4ö	F,´�Ï7-

FJ�h�_�".��Ï7-8²&é,´�€�‰8²&é . �!” , ��<û,CX�ƒ�}�".�,´�Ï7-�7Aà�jL¿�j$hC �€ , X�Ï7-�7Aà�p

X,´�9
A��)ß.�:F�>|�9�é
A,´Gý
_�ØL¿�j$hC  , 7-�ON´#{<û,CX,´�à�Ï7- . M0�7�*,´�_ GO �]�0�Z

8²&é
�7-�ˆX�J�Z�€8²&é , �•
�7-�ˆX�J�Z(f8²&é , 
���
<�&�_���0�Z8²&é,´(f8²&é
¼B�8²&é,´�¦��

/†�x8²&é , . 1 
¼�? (10) 
����)�:F 8²&éL$,´�£3+F�>|�ÿF . �²�ƒ d �9
��0�Z-$3+(f�â8²&é c′ �& , 
�

���Y+X�? (10) AÑ1ÇP (d|c′). �ƒ d ���_ c ,´-$3+�™�€8²&é , 
<�&�•�_ c ,´�‰�€8²&é�& , 63<• c �j d ,´

(f8²&é , �½�*�¾�? (10) AÑ1ÇP (d|c).
X P (d|c) ,´�*.p�: , �\�·FJE÷�;�?�M�û	F SFF,

SFF(d, c) =
P (d|c)∑

d′∈ch(c) P (d′|c)
, (11)

�¦�] , ch(c) �j c �p�9-$3+�™�€8²&é,´Lö
8 . �:F �‚�0	F�ý�Œ�Añ�¶�0�Z8²&é
A�¦-$3+�™�€8²&éL¿�j$h

C ,´�²)·�k
¼�j 1. ch(c) �=�j c �p�9�€�‰8²&é,´Lö
8	Ï��9�T�éM’ . �0�éM’�_ c 	5
[�¶ c ,´�¦��/†�x

8²&é,´���Ÿ [29], �•�a�_ P (d|c) > P (d|c̄), 	£�ƒ�Ï7-�7Aà d 5j�a�& , �*�¾ c 
����Ç�`E³�¦��/†�x8²&é�$

�ö.ž,´N´#{ . 
��0�éM’�_XGý
_�ØL¿�j$hC E÷0;�] , d ,´/†�x8²&é (L” c ���F ) �)5j�a�Ï7-�7Aà d ,´N´

#{�JL¿-p�Ï7-�7Aà�pX,´�r!Q5��´.F@�r
A�;�ØF� , �¦N´#{�²)·�?�¾(f8²&é c ,´N´#{�²)· . +a�:F �Ê

�y
���-;�* , �p���*,´ dHG �é#��=�õ7-�U>•���°�é#��Z7-�u�6�Y+X�Ï7-�7AàL$�r!Q5��´�£3+,´�=Cã ,

F�
����O�Ù�9
A$'
8.N´#{<û,CX,´�à�Ï7- .

3 �ÔPÂ

3.1 �¦�¤Lü

�\�·X 3 �Z�=
<,´<û,CX�Â�Œ5•�:�ðP¼���*,´ dHG �W7-, �¦�6�¦�>�¦��-(�£1Ç#�F�>|"�E³ . F	

3 �Z5•5��6�[�_ KroganPPI [30], ScPPI 
¼ HumanPPI, �¦�]�} 2 �Z�•$À�¾G¥!ý9ü, 1\�9�Z�•$À�¾�ê2« .

KroganPPI 5•5��]<û,CX�{L$,´�Â�Œ
�M•�D�sGý�_�Î� �l . ScPPI 
¼ HumanPPI w�j�=�Ð�s,´5•5� ,

9��T�Z<û,CX�{L$�ˆX(™*6�Ô�Â , �I�³���{L$,´�sGý�j 1, 
V�I�j 0. F	�T�Z5•5��6�[�þ BioGrid1)�;

1) http://thebiogrid.org/.
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>ž 1 �ÔPÂ�¦�¤Lü5�A×���¥
Table 1 Dataset statistics

Dataset N(number of proteins) C(number of functions) Avg±Stda)

KroganPPI 2670 564 15.21±10.51

ScPPI 5700 794 12.93±10.02

HumanPPI 19703 2649 44.68±58.16

a) Avg±Std �)�Ä!ÿ�Z<û,CX,´�£w�Ï7-�Z� 
¼�)�Ä,´�é�� (Avg±Std is the average number of functions per protein

and the standard deviation)

E9ç�Ç, �;E���O�j 2015-01-15, �¦�] ScPPI +aG¥!ý9ü�Â�Œ5•,´�0�WF�FJ�€5•�´�@ . �\�·�þ GO �È�é

5•1	 2)�6�[�;E (���O 2015-01-15) G¥!ý9ü
¼�ê2«<û,CX�Ï7-�7Aà� �ž�Ã , �¦F9+X�¦�],´+O(™E÷0; (bio-

logical process) �Ï7- . �Ï7-�7Aà� �ž�Ã�]�ˆX�0�ËAñ�ž�Ž�W�j IEA (inferred from electronic annotation)

,´�Ï7-�7Aà , �jF¯�}�Ú)ßN´#{ , �„L”F	�Ë�Ï7-�7Aà . �Ï7-�7Aà� �ž�Ã�õ���Ë�¶<û,CX�ƒ�}
�.�,´�04ö2Â

�Ö�Ï7-�7Aà , �Y+XTrue Path Rule ?ô�I , �ºF	�Ë�Ï7-�7Aà,´(f!ý	ú/†�x8²&é�)�Ä,´�Ï7-�•�7#��`B�<û

,CX�: . <û,CX,´�Ï7-�7Aà�6�3�=w>‘ , �ƒ���Z�Ï7-�7Aà�õ�ˆX�¾���Z<û,CX�:�&B��Ï7-�¦�=7-X$¯

�ÎP¼�]#{�* , �)+O(™�–.D0¦�?�y�¦�=�W [31]. �!”�\�·E÷%��¹Lt�Ž,´<û,CX� Gÿ�A�¾ 10 ,´�Ï7-�7Aà , +a

�¾ HumanPPI �],´�Ï7-Lö
8�¸�W , �ÎP¼�]E÷%��¹Lt�Ž,´<û,CX� Gÿ�A�¾ 30 ,´�Ï7-�7Aà . 2«�l` , 	ë�¹

�i8²&é GO:0008150 (+O(™E÷0;) �)�Ä,´�Ï7-�7Aà . �04ø�¯+X,´� �žLö5�AÑ�õ�å�²>˜ 1 �p/j , �� ScPPI

�j�» , �¦	5
[ 5700 �Z<û,CX, F	�Ë<û,CX�¡AÑ>Û794 �Z�=
<,´�Ï7-�7Aà�7#� , !ÿ�0�Z<û,CX�£w���9

12.93 �Z�Ï7-�7Aà . �þ>˜ 1 �]
���
�)à , F	�Ë� �žLö�]<û,CX,´�Ï7-�7Aà�¦�=w	0 , 	Ï��_�0�Ë<û,CX

,´�Ï7-�7Aà���ŸE³B�4ö�6<�7#��¶E³�J,´�Ï7- , 6<
��F�0�Ë<û,CX,´�Ï7-�7Aà���ŸE³2Ç+• , �õ>Û�7#�

�¶�AGÿ,´�Ï7- , F	�•	ý�P�¶<û,CX�Ï7-�7Aà���ŸF��µF��0!•>•�u�¼�´ .

3.2 �/"
1Í#�
�Aú�-�ü�O

�j�¶�6�À"�E³ dHG 1Ç#�,´�W7- , �\�·�º dHG �> TPR [14], MLR-GL [18], FCML [12], ProDM [20],

PILL [24] 
¼-Lu�W?ô Q<û,CX�Ï7-N´#{Aô#{4ô4÷�Ø9€,´�*�ö�é#� Naive [1] F�>|"�E³ . �¦�] , TPR J¸�)

!ÿ�Z�Ï7-�7AàAÝ4ó�0�Z�¼�62«�˜ , �½�Y+X�7AàL$,´�r!Q5��´�£3+B3�¤
¼�¤
8F	�Ë�¼�62«�˜,´5��Ì , �þ

6<N´#{<û,CX,´�Ï7- . FCML X Green �-� �]�E�•�Ï7-�7Aà�{L$,´�£6„�£3+N´#{<û,CX�Ï7- , �\CX�_

�0/ý�*�¾�J�7Aà�–�•,´<û,CX�Ï7-N´#{�é#� , 
¼ TPR �0�g"Ñ�9(©�[63<•<û,CX8�DÛ�Ï7-�7Aà,´�=�¼

�¤�W. Naive �*�¾�Ï7-�7AàX<û,CXLö
8�:,´NÁ)·N´#{<û,CX,´�Ï7- [1]. �¦���)"�1Ç#��"X-(�£���Œ

�]�Š�¶B�4ö�û4ý . F	�Ë�)"�1Ç#�,´	ò� Aî5ž	ò'—	Ï�ûAê�·�]���Ë,´�l�F�*AÞ,´93$F�>|Aî5ž . �\�·FJ

E÷XAÝ4ó� �žLö�:,´ 5 Gý�Ô	ùP¼Añ�H	FdHG ,´	ò�  α, β 
¼ γ (93$�j 0.1 8# 0.9, !•K¯�j 0.1), �04ø

Aî5ž�j α = 0.1, β = 0.9 
¼ γ = 0.1.

-��}�"�ˆX�J/ý<û,CX�Ï7-N´#{Aô�'�ö�I [14, 15], F	�Ë�ö�I�þ�=
<�éM’>‘GÿN´#{1Ç#�,´�W7- , �=
<

,´N´#{1Ç#�X�=
<,´Aô�'�ö�I�;�W7-�•�=�m-(
< . �j�¶5,
8Aô�'�W7- , F9+X,´Aô�'�ÖGÿ�6�[�j MacroF1,

AvgROC, RankLoss, Coverage, AUC 
¼ Fmax. F	 6 �ZAô�'�ÖGÿ�h>Û+X�¾Aô�'�J�7Aà�–�•
¼<û,CX�Ï

7-N´#{,´�W7- , �¦�]�} 4 �Z�J�7Aà�–�•�ÖGÿ,´�Ê�y
�	ò?ñ�·)^ [11]. AvgROC J¸�)!ÿ2«�Ï7-�7Aà�6�[

AÑ1ÇX�=
<L8�l�;,´-OLc�W)·
¼�wLc�W)·�¦5��f�)�Ä,´ ROC(receiver operating characteristic curve)

�"4ï , 'f
>AÑ1Ç!ÿ2«�7Aà�)�Ä ROC �"4ï�;,´M’0� , �0
>AÑ1ÇF	�Ë�"4ï�;M’0�,´w�l , �6B�w�l�Œ�jAô

2) http://geneontology.org/.
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A$'
8.,´<û,CX�à�Ï7-N´#{

�'�ö�I . �> AvgROC �=
< , �\�·G÷+X,´ AUC OÆ�x�)!ÿ�Z<û,CX�Ï7-�7AàN´#{
AGÿ�],´�s3P�þ�W8#�?

�Â�¿ ; 'f
>X�×�f!ÿ�Z<û,CX�:N´#{,´�Ï7-�Z� �þ 1 �Î8# C ,´
<�& , AÑ1ÇF	�Ë<û,CX�:�)�Ä,´-OLc�W

)·
¼�wLc�W)· ; �0
> , �½AÑ1Ç-OLc�W)·
¼�wLc�W)·�)�Ä�"4ï�;,´M’0� , ��!”M’0��W�?Aô�`�J�7Aà�62«,´

�W7-. AUC ,´�§�ƒ�Ê�y
�	ò?ñ�·)^ [18]. Fmax �_-Lu�W?ô Q<û,CX�Ï7-N´#{Aô#{4ô4÷�Ø9€,´Aô�'�ö

�I [1], �¦�Ê�y�j

Fmax = max
t

2× p(t)× r(t)

p(t) + r(t)
,

�¦�] , t ∈ [0, 1] �_L8�l , m(t) �_L8�l�j t �&	…�Z<û,CX,´N´#{�Ï7-�7Aà�²)·
AGÿ�]8#�A�9�0�Z�s3P�W�¾

t ,´<û,CX�k�  , p(t) =
∑m(t)

i=1 pti/m(t) �_X m(t) �Z<û,CX�:,´�£wN´#{�ö.ž)· , r(t) =
∑N

i=1 ri(t)/N

�_X N �Z<û,CX�:,´�£w
��)· , pi(t) �j1\ i �Z<û,CX�:�Ï7-�7AàN´#{,´�ö.ž)· , ri(t) �j�)�Ä,´
�

�)· . RankLoss 
¼ Coverage ,´�lCº�?>˜/jN´#{,´2î�ÖCºQ� . �j��1�08$�W , �ÎP¼�]�� 1-RankLoss ��

�/ RankLoss, Coverage ,´�lFJ�h�W�¾ 1, �u�=�Œ2«�l�4*6 . F	�Ë�ö�I�þ�=
<,´�éM’Aô#{<û,CX�Ï7-N´

#{,´�W7- , �0�Z1Ç#��¸LîX�p�9�ÖGÿ�:M’CµE÷
��0�Z1Ç#� .

3.3 Nº#•�(.�G��<�Õ73=�,³C^,º�æ�Õ73

�\�?8²�k?±#{B�1Ç#�N´#{�".�G��6�Ï7-<û,CX�à�Ï7-,´�W7- . +a�¾GO 
¼�Ï7-�7Aà� �ž�Ã,´�15�

�$�à , �¦"Ñ�9)à�@,´� �žLö
�+X�¾�ðP¼1Ç#�N´#{�".�G��6�Ï7-<û,CX�à�Ï7-,´�W7- . �\�·�w�Ê�ƒ�}<û

,CX,´�Ï7-�7Aà���Ÿ�_�¼�¤,´ , J¸�)!ÿ�Z<û,CX�".��Ï7-�7Aà,´�r!Q5��´. , L¿�jLÀ;ÿ.�]
&�€8²&é

�)�Ä,´�Ï7- , �ƒ.�]MŽ
&�€8²&é,´�€8²&é�)�Ä,´�Ï7-�˜G�>ÛLÀ;ÿ
> , B�8²&é�•
��j�0�Z
&�€8²&é , �)

�Ä,´�Ï7-�•
�>ÛLÀ;ÿ , F	�ËLÀ;ÿ,´�Ï7-�j<û,CX,´�à�Ï7- , >Û+X�•Aô�'1Ç#�>•�˜�à�Ï7-�7Aà,´�W7- . �j

�é�ï>˜/j , �ÎP¼�]+X m >˜/j�0�Z<û,CX5j�a�7Aà,´� Gÿ , �»�² m = 3 >˜�>B�<û,CX�9 3 �Z�Ï7->ÛLÀ

;ÿ (�F5j�a ). �²�Ì�0�Z<û,CX,´�Ï7-�7Aà� �=Cã m, �=�J�6�¦�p�9,´�7AàLÀ;ÿ , 6<�_�Añ8#�A�9�0�Z

�Ï7-�7Aà . � �žLö�]�9�0�?G��6<û,CX,´�Ï7-�7Aà�¼�˜�Z.� , �j��1<û,CX�Â�Œ5•,´5��´ , F	�Ë<û,

CX�+‰�¾�ÎP¼�], �v�=XF	�Ë<û,CX�:LÀ;ÿ�7Aà
¼#{B�1Ç#��W7- .

�*�¾�:F �ÎP¼Aî5ž , X�ÎP¼�]�6 N �Z<û,CX
<�&�Œ�jAÝ4óLö
¼#{B�Lö, J¸�)!ÿ�Z<û,CXL¿�jLÀ;ÿ

m �Z�Ï7-�7Aà . �j�¶�ÿ�AL¿�j�3P,´�¡
ý , X!ÿ�Z� �žLö�:J¸�)!ÿ�Z1Ç#�Gý�= 15 !Q)�0ûL¿�j�ÎP¼ , �¦

Aà�…!ÿ�Z�)"�1Ç#�X5	�Ê m �;,´ 15 !Q�£w5��Ì . >˜ 2∼4 �6�[5	�*F	�Ë1Ç#�X KroganPPI, ScPPI 
¼

HumanPPI �:,´�ÎP¼5��Ì , 5��Ì��w�l ± �é�� (avg±std) ,´�’�?>˜/j . >˜�] ↓ >˜/j�lCº�? , 1Ç#�,´�W

7-CºQ�. >˜�]�Ð2Ç,´5��Ì>˜�>�¦XG}�)�ðP¼ (95% 5ž���Ö ) �]�n:‡�H�¾�¦��5��Ì , �F�>�0�H5��Ì�{L$

���n:‡�W���2 . HumanPPI � �žLöE³�W , MLR-GL 
¼ Naive ,´N´#{�²)·MŽ�h/ë�“ , �,8$Aô�'�ÖGÿ Fmax


¼ AUC XB�� �žLö�:MŽ�h6G�& , �!”>˜ 4 �]�Z	5�� MLR-GL 
¼ Naive X HumanPPI �:,´5��Ì .

�þ 3 �Z>˜
���?ò���` dHG X5�W�J� �õ�åG-7-9ç�ÇE³�¦���)"�1Ç#��$�,´5��Ì . X 3 �Z� �ž

Lö�:,´ 54 /ý�)"��ÎP¼�] , dHG ,´5��Ì�0-$�H�¾ PILL, ProDM, MLR-GL, TPR 
¼ Naive. dHG 
¼

FCML X�T/ý�)"��ÎP¼�]9ç�Ç�¶-(�l,´�0�H5��Ì , X�¦���)"��ÎP¼�] dHG wCµE÷
>65. +a�¾ProDM


¼ FCML �Y+X�¶�Ï7-�7Aà�{L$,´"d�£�£3+ , PILL 5,
8�Y+X�¶�Ï7-�7Aà�{L$,´�r!Q5��´�£3+
¼"d�£�£

3+, �³��w9ç�Ç�¶E³�*4ï�é#� Naive �$�,´5��Ì , F	>˜�>�õ�ÍC†�¾�Ï7-�7Aà,´NÁ)·���Ÿ��#��ö.žN´#{

<û,CX,´�à�Ï7- . XF	 3 �Z�é#��ƒ�] , PILL 9ç�Ç�¶E³ ProDM 
¼ FCML �$�,´5��Ì , F	B$�>�Ï7-�7Aà

�{L$,´�r!Q5��´�£3+X<û,CX�Ï7-N´#{�]8#�£Gý?± . �v PILL X�¸�JAô�'�ÖGÿ�:,´5��Ìw>Û dHG �n

:‡�WCµE÷, (©�[�_Aô�'�ÖGÿ MacroF1. �k?±	Ï��_ MacroF1 
�1Ç#�X4ö2Â�Ö�Ï7-�:,´�W7-�¡
ýE³�W ,

PILL XN´�`<û,CX�à�Ï7-,´E÷0;�]�¦"Ñ�963<•�Ï7-�7Aà�{L$,´�r!Q5��´�£3+ , �é�C�º�0�Ë2Ç2Â�Ö,´
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>ž 2 KroganPPI �@�(.�G��<�Õ73=�,³C^,º�æ�Õ73Nº#•5	�Ò
Table 2 Results of novel function prediction for partially annotated proteins on KroganPPI

Metric m dHG PILL ProDM FCML MLR-GL TPR Naive

1 95.16± 0.10 93.27±0.03 83.28±0.10 92.79±0.15 17.53±0.11 26.70±0.14 2.97±0.05

MacroF1 3 86.53± 0.15 83.44±0.18 74.46±0.46 81.99±0.32 17.26±0.24 24.81±0.13 2.95±0.01

5 77.75± 0.25 74.81±0.34 65.06±0.27 71.92±0.57 16.80±0.32 22.70±0.24 2.94±0.01

1 99.61± 0.03 99.45±0.04 97.10±0.01 99.42±0.05 50.27±0.20 63.59±0.02 49.08±0.00

AvgROC 3 98.38± 0.07 98.12±0.07 95.65±0.04 98.12±0.07 50.83±0.20 62.25±0.06 49.08±0.00

5 96.72± 0.08 96.43±0.06 93.78±0.09 96.48±0.07 51.31±0.51 60.93±0.15 49.08±0.00

1 99.74± 0.02 99.48±0.04 96.28±0.04 98.39±0.05 32.39±0.27 38.39±0.05 84.04±0.02

1-RankLoss 3 98.92± 0.06 98.00±0.11 95.95±0.02 95.64±0.07 31.99±0.37 35.86±0.04 83.51±0.04

5 97.90± 0.10 96.32±0.10 93.07±0.08 93.39±0.15 30.70±0.42 33.06±0.05 82.90±0.04

1 99.28± 0.00 99.16±0.01 98.10±0.00 98.66±0.03 51.18±0.25 73.76±0.02 83.75±0.01

AUC 3 98.79± 0.03 98.39±0.04 97.36±0.02 97.09±0.04 51.33±0.35 72.87±0.04 83.52±0.01

5 98.05± 0.05 97.33±0.04 96.39±0.03 95.42±0.07 51.16±0.19 71.81±0.03 83.19±0.02

1 95.01± 0.04 93.56±0.04 82.62±0.01 90.41±1.30 21.68±3.65 39.15±0.04 39.03±0.00

Fmax 3 86.54± 0.10 85.06±0.04 73.87±0.06 79.87±3.83 24.40±2.43 37.94±0.08 39.03±0.00

5 78.61± 0.18 76.94±0.02 66.28±0.05 63.40±14.86 22.98±1.40 36.44±0.08 38.76±0.15

1 27.49± 0.30 36.95±1.14 60.41±0.24 77.57±2.67 532.21±1.22 426.35±0.81 353.70±0.82

Coverage↓ 3 58.61± 2.34 79.70±2.74 100.65±1.44 157.88±3.04 540.90±1.33 454.46±0.79 379.70±0.35

5 95.28± 3.58 125.69±2.60 143.28±3.01 214.93±3.11 543.44±1.61 479.97±1.26 384.96±2.14

�Ï7-�7AàN´�`�j<û,CX�à�Ï7- . 6< dHG X<û,CX�à�Ï7-N´#{,´E÷0;�]63<•�¶�Ï7-�7Aà�{L$,´�r!Q5�

�´�£3+ , N´�`,´�à�Ï7-FJ�h�_B�<û,CX�"�9�Ï7-�7Aà8²&é,´�€8²&é , �€8²&é�ÿF ,´�Ï7-2Â�Ö�$4ö . �þ

Aô�'�ÖGÿ Coverage ,´5��Ì
�.� , �j�¶?¶-�<û,CX,´�¼�¤�Ï7-�7AàLö
8 , dHG X�Ï7-�7AàN´#{
AGÿ�:

,´�£w���®K¯�Ö�?�¾�¦���)"�1Ç#� . �:F �)"�5��ÌAñ�>�¶�\�·���*,´�9
A$'
8.X<û,CX�à�Ï7-N´#{

�],´�9�x�W .

MLR-GL ,´5��Ì�n/j�¦N´#{�W7-�û4ø�~�¾ dHG, PILL, ProDM 
¼FCML, 
�7-,´	Ï��_ MLR-GL

G÷+X,´4ô00+¿
¼�ÿ�A�Â�¿�•�a,´1†+•�¦�=F2�ÌF	/ý�7AàL$�ˆX�r!Q5��´�£3+,´<û,CX�Ï7-N´#{L�NÈ .


��0�Z	Ï��_ MLR-GL �*�¾�".�G��6�7Aà,´AÝ4ó�g�\�•N´#{�¼�˜�Z�7#��g�\,´�7Aà , �¦�Z�£#��)�".�

G��6�7Aà�g�\,´�à�7AàN´#{ . TPR �Y+X�¶�7Aà�{L$,´�r!Q5��´�£3+ , �vXG��6Aô�'�ÖGÿ�:�~�¾ Naive

�é#� , 	Ï��k?±�_B��é#�LÀ�?`�wAî+X�¾AÝ4ó,´<û,CX,´�Ï7-�7Aà�_�¼�¤,´ , �¦�*�¾F	�Ë�ÎLu�:�Ï7-

�=�¼�¤�7#�,´<û,CX , �j!ÿ/ý�Ï7-�7AàAÝ4ó�0�Z�¼�62«�˜ , �½�Y+X�7AàL$,´�r!Q5��´�£3+B3�¤
¼�¤
8

F	�Ë�¼�62«�˜,´5��Ì . �!” TPR XJ¸�)�¼�62«,´Aô�'�ÖGÿ AvgROC �:9ç�Ç�¶E³ Naive �,´5��Ì . �v

TPR XAô�'�ÖGÿ 1-RankLoss �:�k�_�~�¾ Naive, 	Ï��_ 1-RankLoss �•�7-�O�ö.ž�Â�¿�@�)�Ï7-�7Aà

,´�62«�˜ , 6<F	/ý�•�!“�
< Naive �08$ .

3.4 Nº#•�Õ73�Â�ž�`�=#�=�,³C^,º�æ�Õ73

�\�·F�F�>|�¶
��04ô�ÎP¼�•�ðP¼ dHG 
¼�¦���)"��é#�N´#{�¼�˜�Z�7#�<û,CX�à�Ï7-,´�W7- . �Î

P¼�]L¿�jF9�� 80% <û,CX�Œ�jAÝ4óLö, �™�; 20% �Œ�j#{B�Lö . �>�}M’,´�ÎP¼Aî5ž2«�l , �)AÝ4óLö,´!ÿ

�Z<û,CXL¿�jLÀ;ÿ m = 3 �Z�Ï7-�7Aà , �½�*�¾F	�Ë>ÛLÀ;ÿG��6�Ï7-�7Aà,´<û,CXN´#{#{B�Lö�]<û,
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Table 3 Results of novel function prediction for partially annotated proteins on ScPPI

Metric m dHG PILL ProDM FCML MLR-GL TPR Naive

1 94.51± 0.04 92.72±0.12 82.85±0.09 91.02±0.11 8.36±0.31 26.39±0.17 1.86±0.05

MacroF1 3 85.10± 0.14 81.25±0.18 72.68±0.14 80.20±0.15 8.54±0.15 24.26±0.19 1.87±0.07

5 75.69± 0.29 70.68±0.34 62.37±0.21 69.03±0.26 8.72±0.32 21.70±0.19 1.86±0.03

1 99.66± 0.01 99.44±0.03 98.40±0.03 99.56±0.02 50.84±0.39 69.65±0.04 43.05±0.00

AvgROC 3 98.60± 0.04 98.08±0.08 97.03±0.04 98.57± 0.04 50.90±0.45 67.46±0.13 43.05±0.00

5 97.03± 0.12 96.07±0.10 95.12±0.15 97.09± 0.09 50.33±0.63 65.31±0.09 43.05±0.00

1 99.78± 0.01 99.48±0.04 98.52±0.01 98.25±0.08 44.77±0.76 40.17±0.03 85.81±0.02

1-RankLoss 3 98.73± 0.25 97.84±0.08 96.79±0.10 95.20±0.05 43.26±0.43 37.70±0.08 84.86±0.02

5 97.79± 0.28 96.14±0.12 95.60±0.03 93.01±0.08 39.50±0.86 35.17±0.04 84.37±0.02

1 99.50± 0.00 99.37±0.01 99.37±0.00 98.83±0.03 46.95±0.84 77.72±0.01 85.41±0.00

AUC 3 99.02± 0.06 98.57±0.03 98.36±0.01 97.22±0.03 45.13±0.40 76.79±0.03 85.11±0.01

5 98.39± 0.07 97.48±0.05 97.82±0.02 95.59±0.02 42.33±0.55 75.73±0.03 84.80±0.02

1 94.55± 0.04 93.76±0.02 83.51±0.01 90.24±0.08 15.36±1.01 38.39±0.06 37.03±0.00

Fmax 3 85.08± 0.10 83.75±0.03 73.10±0.02 80.41±0.06 14.07±1.47 37.30±0.10 37.03±0.00

5 77.36± 0.09 74.85±0.06 64.82±0.14 72.47±0.07 12.57±0.76 35.76±0.06 36.74±0.00

1 26.19± 0.43 40.39±1.14 67.45±1.34 93.19±2.75 744.75±3.61 588.31±1.55 448.04±0.94

Coverage ↓ 3 67.85± 7.32 100.04±1.37 105.04±0.96 209.63±3.11 758.26±2.59 626.16±1.20 480.93±0.98

5 113.13± 8.15 166.36±3.02 163.94±3.03 291.82±1.37 767.56±3.31 652.24±1.31 497.70±1.06

CX,´�à�Ï7- , �¦�ºN´#{5��Ì�>#{B�Lö�]<û,CX�"�9,´�Ï7-�7Aà�Œ"�E³ , Aô�'1Ç#��W7- . >˜ 5∼7 �G�*�¶

!ÿ�Z�)"�1Ç#�X KroganPPI, ScPPI 
¼ HumanPPI �: 15 !Q)�0ûGý�=�ÎP¼,´�£w5��Ì . �>�}�0�?8²,´

	Ï�2«�l , >˜ 7 �]�Z	5�� MLR-GL 
¼ Naive X HumanPPI �:,´5��Ì .

�þF	�Ë5��Ì
���-;�* dHG 
¼ PILL �k7-9ç�ÇE³�¦���)"�1Ç#��$�,´5��Ì . dHG 
¼ PILL X�0�Ë

Aô�'�ÖGÿ�:7-�O9ç�Ç-(�l,´�W7-Aô�`5��Ì , �vX�0�Ë�ÖGÿ�:�§�9�=
<,´5��Ì . �k?±	Ï�X�¾ PILL N´

�`,´�à�Ï7-�7Aà2Â�ÖE³2Ç , �V�9�0�Ê,´�wLc�WN´�` , �vF	�Ë2Ç2Â�Ö�Ï7-Lt�Ž,´<û,CX� -�E³�J , X<û

,CX�Â�Œ5•�:,´�71®�P�ÝE÷0;�]F@$@>Û�¦��<û,CX,´
<2«�Ï7-�7Aà�¡
ý , �þ6<L}�~�¶�wLc�WN´�`�)N´

#{�W7-,´�¡
ý . �>�¦-("� , dHG N´�`,´�Ï7-�7Aà2Â�ÖE³4ö , F	�Ë4ö2Â�Ö�Ï7-�7AàLt�Ž,´<û,CXE³�A , X

�71®�P�Ý,´E÷0;�]>Û�WGÿ,´2Ç2Â�Ö�Ï7-�¡
ý , 4ö2Â�Ö�Ï7-,´N´#{�²)·�!”L}�~ , F�6<�¡
ý�04ø,´N´#{

2î�Ö . dHG X HumanPPI �:,´5��Ì5�WG��6�H�¾ PILL, 	Ï��_B�� �žLö�],´<û,CX� GÿE³�J , �)�?

(10) �],´N´�`-(�)E³�ö.ž .

TPR XN´#{�".�G��6�Ï7-<û,CX,´�à�Ï7-,´�ÎP¼�] , XAô�'�ÖGÿ AvgROC 
¼ Fmax �: , �9�&�I

9ç�ÇE³ ProDM 
¼ MLR-GL �$�,´5��Ì , 	Ï�X�¾ TPR X�)�¼�˜�Z�7#�<û,CX,´�à�Ï7-N´#{E÷0;�] ,

�Y+X�¶�Ï7-�7AàL$,´�r!Q5��´�£3+B3�¤�¶�04ø,´N´#{�²)· , 6< ProWL 
¼ MLR-GL w�Z�n�?�Y+X�Ï

7-�7AàL$,´�r!Q5��´�£3+ . F	�Ë�ÎP¼5��Ì>˜�>X<û,CX�Ï7-N´#{�]�õN«63<•�Ï7-�7AàL$,´�r!Q5��´�£

3+, dHG 
¼ PILL X<û,CX�Ï7-N´#{,´�=
<Lf!å�Y+X�¶F	/ý�r!Q5��´�£3+ , �6<9ç�ÇE³�¦��1Ç#��$�

,´5��Ì .
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>ž 4 HumanPPI �@�(.�G��<�Õ73=�,³C^,º�æ�Õ73Nº#•5	�Ò
Table 4 Results of novel function prediction for partially annotated proteins on HumanPPI

Metric m dHG PILL ProDM FCML TPR

1 97.42± 0.03 97.12±0.01 86.39±0.02 68.09±0.01 15.66±0.00

MacroF1 3 93.64± 0.05 92.32±0.01 81.74±0.02 65.17±0.04 15.47±0.01

5 90.17± 0.05 88.07±0.02 77.52±0.07 62.58±0.03 15.20±0.01

1 99.84± 0.00 99.24±0.00 98.56±0.01 96.08±0.02 68.40±0.01

AvgROC 3 99.41± 0.01 98.03±0.01 97.89±0.01 93.08±0.01 67.70±0.01

5 98.87± 0.01 96.99±0.01 97.21±0.02 91.58±0.01 67.03±0.01

1 99.87± 0.00 99.68±0.00 99.37±0.00 84.79±0.01 44.75±0.00

1-RankLoss 3 99.55± 0.00 99.02±0.01 98.60±0.01 82.91±0.02 44.27±0.01

5 99.17± 0.01 98.34±0.02 97.84±0.01 81.12±0.06 43.81±0.02

1 98.85± 0.00 98.75±0.00 97.50±0.00 73.14±0.00 72.79±0.00

AUC 3 98.66± 0.00 98.41±0.00 97.13±0.00 72.80±0.03 72.65±0.00

5 98.45± 0.00 98.05±0.00 96.74±0.02 72.33±0.07 72.50±0.01

1 98.22± 0.00 97.71±0.02 86.36±0.01 72.90±0.03 34.86±0.01

Fmax 3 94.73± 0.01 94.17±0.01 82.83±0.00 69.31±0.67 34.71±0.01

5 91.26± 0.03 90.70±0.02 79.40±0.01 66.09±0.37 34.55±0.02

1 191.20± 0.56 335.56±0.54 425.05±1.61 1580.9±0.70 1958.9±0.46

Coverage ↓ 3 354.36± 3.67 574.78±1.19 645.86±3.74 1813.4±1.88 2048.6±1.73

5 483.96± 3.31 728.72±6.80 809.31±6.00 1946.8±0.20 2105.1±2.29

>ž 5 KroganPPI �@�Â�ž�`�=#�=�,³C^,º�æ�Õ73Nº#•5	�Ò
Table 5 Results of novel function predictions for complete unlabeled proteins of KroganPPI

Metric dHG PILL ProDM FCML MLR-GL TPR Naive

MacroF1 32.70±0.48 34.31± 1.18 24.79±1.09 27.51±1.10 3.14±0.20 21.83±1.62 2.90±0.23

AvgROC 67.92±0.45 70.42± 1.82 57.54±1.37 66.32±1.82 47.01±1.67 60.31±0.80 48.90±1.06

1-RankLoss 88.04± 0.92 76.18±1.16 73.33±0.53 57.64±1.16 25.03±1.02 32.56±1.78 83.30±0.59

AUC 89.30± 0.64 78.77±0.55 73.77±0.45 63.53±0.95 55.90±1.02 71.89±0.77 83.43±0.38

Fmax 42.12±1.04 46.31± 0.87 27.30±0.88 38.46±0.55 16.99±1.30 36.07±1.11 39.74±0.99

Coverage↓ 227.58±9.75 137.45± 2.97 312.02±12.07 415.13±6.31 529.46±3.44 465.81±6.13 376.69±6.12

3.5 1Í#�F�>‚�,L*�<�Æ

�j�¶5�AÑ�6�À
4�Z�)"�1Ç#�,´�x)· , �> 3.3 �?8²,´�ÎP¼Aî5ž2«�l , �\�·5�AÑ�¶!ÿ�Z1Ç#�X�=
<� 

�žLö�:,´F�>|�&L$ , �¦�6!ÿ�Z1Ç#� 5 !Q)�0ûF�>| (�=	5��Aô�'�ÖGÿ ) ,´�£w�&L$�Õ
zX>˜ 8 �] . �ÎP¼

F�>|�£
 �j : Linux OS 2.6.32, Intel Xeon E7-4820, 64GB RAM.

+a>˜ 8 
�.� dHG ,´F�>|�&L$�k�_F��?�¾�¦��-(�£�)"�1Ç#� . MLR-GL �Y+X4ô00+¿
¼�0�?	F�Â�¿

�•�aN´#{<û,CX�Ï7- , ��¦�ÍC†�¾�_�1
AGÿ�jN´�x�)!ÿ�Z�7AàF�>|N´#{ , �p���¦�&L$6GCi�W�¾�¦���)

"�1Ç#� , (©�[�_X�g�\� 
¼�7Aà?ô QE³�W,´� �žLö�: . FCML M0?±J¸�)<û,CX�Â�Œ5•�)�Ä,´�£6„.�Le

AÑ1Ç�\�±�l�6@�L�NÈ , �\�±�l�6@�,´�&L$�=�r�Ö�j O(N3), �!”�¦�&L$6GCi�•"�E³�W . ProDM M0?±AÑ

1Ç�g�\�{L$,´"d�£�£3+
¼�7Aà�><û,CX�Ž�W�{L$,´�ÍC†�W , �p���¦�&L$6GCiE³�W , �vF��?�¾ MLR-GL
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>ž 6 ScPPI �@�Â�ž�`�=#�=�,³C^,º�æ�Õ73Nº#•5	�Ò
Table 6 Results of novel function predictions for complete unlabeled proteins of ScPPI

Metric dHG PILL ProDM FCML MLR-GL TPR Naive

MacroF1 30.11± 0.68 30.25± 1.07 21.24±0.92 26.01±1.50 2.16±0.43 21.73±1.24 1.92±0.07

AvgROC 76.79± 1.06 76.08± 0.31 64.43±0.23 76.05±0.64 45.55±0.83 64.57±1.28 48.87±1.43

1-RankLoss 91.42± 0.28 78.16±1.03 59.28±0.18 62.00±1.16 32.49±2.31 35.43±0.94 84.52±0.23

AUC 92.31± 0.26 81.55±0.59 65.64±0.26 69.40±0.97 36.82±1.46 75.96±0.27 84.71±0.25

Fmax 36.95±0.69 43.89± 0.91 32.93±0.82 37.92±1.11 8.98±1.38 36.26±0.86 36.68±0.73

Coverage↓ 268.09±6.70 196.70± 3.87 482.00±0.53 552.65±3.50 767.96±2.99 638.79±8.55 487.69±5.91

>ž 7 HumanPPI �@�Â�ž�`�=#�=�,³C^,º�æ�Õ73Nº#•5	�Ò
Table 7 Results of novel function predictions for complete unlabeled proteins of HumanPPI

Metric dHG PILL ProDM FCML TPR

MacroF1 18.68± 0.68 16.03±0.56 12.24±1.18 9.20±1.50 12.85±0.34

AvgROC 65.77± 1.06 62.57±0.61 60.32±0.42 49.45±0.64 61.22±0.62

1-RankLoss 86.61± 0.28 70.10±0.17 70.03±0.73 53.58±1.16 39.86±0.98

AUC 85.24± 0.26 73.05±0.21 66.48±0.43 50.96±0.97 69.91±0.42

Fmax 26.95±0.69 35.55± 0.11 10.86±3.46 28.82±0.36 22.28±0.26

Coverage↓ 1441.5± 27.95 1938.2±8.47 1805.8±14.63 2435.3±13.94 2153.2±13.14

>ž 8 �/"
1Í#�F�>‚�,L* (s)

Table 8 Runtime cost of comparing methods (s)

Metric dHG PILL ProDM FCML MLR-GL TPR

KroganPPI 5.06 63.82 107.63 322.25 396.27 17.29

ScPPI 14.32 162.63 271.91 1086.24 1446.24 54.43

HumanPPI 278.24 2131.45 8186.77 61065.61 241483.19 16451.44


¼ FCML. PILL M0?±N´�xAÑ1Ç�Ï7-�7Aà�{L$,´"d�£�£3+
¼�r!Q5��´�£3+ , N´�`<û,CX,´�à�Ï7- , �½F�

>|�*�¾.,´<û,CX�Ï7-N´#{ , �p���¦�&L$6GCiE³ dHG �W. TPR �xX<û,CX�Â�Œ5•�:F�>|�*�¾.,´<û

,CX�Ï7-N´#{ , �½�*�¾�Ï7-�7Aà�{L$,´�r!Q5��´�£3+B3�¤F	�ËN´#{ , �p���¦�&L$6GCi�•�W�¾ dHG, (©

�[�_X�g�\
¼�7Aà?ô QE³�W,´� �žLö�: . �\�·���*,´ dHG FJE÷�º�Ï7-�7Aà�r!Q5��´�£3+.
¼<û,CX

�Â�Œ5•�¤
8�@�0�Z$'
8�9
A. , �½XB�.�:F�>|�9
A,´Gý
_�ØL¿�j$hC N´#{<û,CX,´�à�Ï7- , B�.�)

�Ä,´�£6„.�Le�j00+¿.�Le , �!”�¦�&L$6GCiE³�¦���)"�1Ç#�?±�? . �:F �ÎP¼5��Ì>˜�>�\�·���*,´ dHG

1Ç#��=�õ7-9ç�ÇE³�¦��-(�£1Ç#��$Q�,´N´#{2î�Ö , �•9ç�Ç�$Q�,´�x)· .

4 5	�•B#

�j<û,CX���Ë�ö.ž�DB�4ö,´�Ï7-�7Aà�_+O(™���Ÿ�–,´�h�óL�NÈ�{�0 , J¸�)�x�},´<û,CX�Ï7-N´#{

�é#��Z7-E³��4*6�Ï7-�7AàL$,´�r!Q5��´�£3+
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A$'
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�¶�0/ý�*�¾�9
A$'
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Novel protein-function prediction using a directed hybrid graph
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Abstract Proteins carry out various important activities in an organism. Accurately annotating their functions

can boost the advance of life-science research and application. High-throughput techniques generate such a large

volume of proteomic and genomic data that it is beyond the capability of low-throughput wet-lab based tech-

niques. Thus, computational model-based large-scale protein-function prediction is one of the key tasks in the

post-genomic era. Current machine-learning based methods often focus on predicting the functions of completely

unlabeled proteins. These methods ignore the incomplete labels of the labeled proteins, and hence have low

accuracy. In this paper, we design a directed Hybrid Graph (dHG) based on the gene ontology hierarchy and the

protein-protein interaction network. Next, we use the dHG to predict novel functions by performing a random

walk with restart on it. The proposed dHG can predict not only new functions for partially labeled proteins, but

also new functions for completely unlabeled proteins. Experimental results on proteins of yeast and humans show

that dHG, across various evaluation metrics, achieves better results than other related methods, and costs less

time than these methods.

Keywords protein function prediction, machine learning, directed hybrid graph, random walk, gene ontology
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