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ABSTRACT – Packet loss has widely been used as a means to detect the state of the network. 
Because the probability of random loss on wired networks is very low, packet loss is assumed to be 
caused by network congestion. Detecting packet loss is very simple by observing out-of-sequence 
packets. However, detecting packet loss provides very limited information about the state of the 
network. Several studies have confirmed that there is a correlation between delay and packet loss on 
the Internet, which can be very useful to get more information about the state of the network. In this 
paper, we attempt to use observations of the delay and loss correlation to characterize congestive 
packet loss. Specifically, the proposed scheme attempts to distinguish between packet loss due to a 
limited bandwidth bottleneck and packet loss that is more random-like due to a high level of statistical 
multiplexing. Such a distinction would lead a control mechanism to be more intelligent to respond to 
packet loss and to optimize the performance. 

KEY WORDS  -- Bottleneck link, congestive packet loss, delay and loss correlation, packet loss 

characteristics.  
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1. �����  
ก���������� !�ก"#�ก$%&'()�*+,-� !�ก"#�%$).�/0)

�!�+-&1���2345*1��*��657�8/72��.�/5%3 ก���������� !�ก"#

��*��6�01/5%3 2 :)$%!+- ก����������00�;1* (random loss) �2?
ก���������@�ก!4�*�--8% (congestion loss) ก���������� !�ก"#
�00�;1*�14)*�ก�ก$%&'()-�1�/-$��?  �*+,-�8���A5BBC�0)



  

:1-/�8���A.�,D:3/�)*�!;AE� #,F�2/.F�DG3�ก$%0$. (bit) I$% 2�% 
%34����G#;)�(� !�ก"#.�,*�7J�G� (corrupted packet) @?6�ก.$(/ 
(dropped) �?G41�/ก��&)�1/L%�-;7ก�AM@8%��3).�/ (routers) G�+-
�ก#�4�M (gateways) 6'/�*341�� !�ก"#.�,*�7J�G�@?��*��6�%$).�/
*�6'/72��.�/  �#1� !�ก"#�G21�)8()@?6�ก.$(/ก1-).�,@?�1/57�8/
L7��ก�*7�?�;ก#M (application) ���G#;&-/ก���������� !�ก"#
�00�;1*�ก$%&'()5%3.8(/O��M%�4�M  P-B�4�M�2?-;7ก�AME��D)
�!�+-&1�� �:1) 2$/!M (link) -;7ก�AM�4$#:M (switch)  router  �*+,-�ก$%
ก��@8%��3).�/I$% 2�% D)�?00�!�+-&1���00��� (wired 
network) ก���������� !�ก"#�00�;1*.F�!4�*����G��� ��/�2"ก)3-�
�2?-8#��ก��ก���1/0$.I$% 2�%*�!1�)3-�*�ก [1] ก���������   
� !�ก"#P',/�ก$%@�ก!4�*�--8%�ก$%&'()�*+,-2$/!M0)�!�+-&1��*�ก��D:3
/�)G)8ก*�ก�ก$)57 (over-utilized) ก21�4!+-� !�ก"#�%$).�/*�6'/
!$4E��D)�!�+-&1�� (network queue) %34�-8#����"4ก41�!4�*��*��6
&-/2$/!M (link capacity) %34����G#;)�(!$4 (queue) 6�ก.F�DG3�#"*   
� !�ก"#.�,#�**�.�G28/@?6�ก.$(/57@�ก!$4 ก���������� !�ก"#P',/
�ก$%@�ก!4�*�--8%��*��6 05%3.8,457D)�!�+-&1��� !�ก"#�00
�4$#:M (packet-switched network) � ��?�!�+-&1��@?�80� !�ก"#
.8(/G*%@�กI�3D:3/�)L%�7��W@�กก��!40!;*ก���80� !�ก"#�&3�*� 
(admission control) .F�DG32$/!M.�,D:3/�)G)8ก*�ก�ก$)57�ก$%ก��
�������� !�ก"#  ก21�4D)-�ก7�?�%")!+-�!�+-&1��5*1*�ก��@8%�#���*
G�+-@-/�0)%M4$%.M (bandwidth) 543214/G)3��F�G�80ก��D:3/�)
L7��ก�*7�?�;ก#M#3-/ ����*!�-0!�-/�0)%M4$%.M.�,@F��7X)#1-
ก��D:3/�) ก�A�&-/L7�L#!-2 TCP @? ����*� $,*G)3�#1�/     
ก���1/ (transmission window) @)ก�?.8,/ 0ก���������� !�ก"# 
�:1)�*+,- 0ก���������� !�ก"# TCP @?2%G)3�#1�/ก���1/�2?.F�
ก��7�?*�A�0)%M4$%.M.�,��*��6D:3/�)5%3�2?!1-�� $,*G)3�#1�/
ก���1/-�1�/�?*8%�?48/� +,-G2�ก�2�,�/ก���ก$%!4�*�--8% 

ก��#�4@�-0�6�)?&-/�!�+-&1���7X)/�).�,�F�!8�
�F�G�80ก�?04)ก��!40!;*!4�*�--8% (congestion control 
machanism) ก��#�4@�-0ก���������� !�ก"#6�ก)F�*�D:3-�1�/
ก43�/&4�/�)+,-/@�ก��*��6��%/!4�*�--8%&-/�!�+-&1��5%3� ��?
L-ก��.�,@?�ก$%ก���������� !�ก"#�00�;1*0)�!�+-&1���00���*�
)3-�*�ก@'/#8(/�**;#$\�)5%341�ก���������� !�ก"#�ก+-0.8(/G*%�ก$%
@�ก!4�*�--8%  P',/ก2���7X)�**;#$\�)�0+(-/#3)D)ก��--ก�00
ก��!40!;*!4�*�--8%D)L7�L#!-2 TCP [1] ก��#�4@�-0    
ก���������� !�ก"#.F�5%3/1��*�ก.�,#84�80 (receiver) L%�ก���8/�ก#
2F�%80.�,G��57&-/� !�ก"#.�,�80*�  ก��#�4@�-0ก���������   
� !�ก"#��*��6.F�5%3.�,#84�1/�:1)ก8)  L%�ก���8/�ก#2F�%80.�,G��57

&-/� !�ก"#.�,#-0ก280 (acknowledgement packet) �#14$]�)�(*�!4�*
P80P3-)*�กก41�� ��?� !�ก"#.�,#-0ก280��*��6�ก$%ก���������
�?G41�/ก��&)�1/5%3�:1)ก8)  ก���8/�ก#ก���������� !�ก"#� ��/
-�1�/�%��4�7X)&3-*�2.�,@F�ก8%*�ก�F�G�80ก��#�4@�-0�6�)?
�!�+-&1��  6'/�*341�� !�ก"#*�.8(/ก����������00�;1*G�+-ก���������
.�,�ก$%@�ก!4�*�--8%  �?00!40!;*5*1��*��6@F��)ก5%341��7X) 
ก����������00D% #84-�1�/�:1) TCP @?7^$08#$ก80.;กก���������
� !�ก"#�G*+-)ก8) TCP @?.F�ก��2%&)�%G)3�#1�/ก���1/  L%�*�
�**;#$\�)41�ก���������� !�ก"#��%/!4�*�--8%&-/�!�+-&1��P',/
�#ก#1�/ก80�!�+-&1���005�3����**;#$\�)&3�/#3)5*1��*��6D:35%3
� ��?0)�!�+-&1���005�3���ก���������� !�ก"#@F�)4)*�ก�7X)
�00�;1*P',/�ก$%@�ก!4�*5*1�)1)-)&-/:1-/�8���A5�3��� TCP 
5*1��*��67^$08#$ก80.;กก���������� !�ก"#%34�4$]�ก���%$*� ��?
ก��2%G)3�#1�/ก���1/� +,-#-0�)-/#1-ก����������00�;1*.F�DG3
�*��6)?ก��.F�/�)&-/�!�+-&1��2%2/ ก��W'ก_�@F�)4)*�ก5%3
)F���)-ก�?04)ก��DG*1`.�,.F�DG3 TCP ��*��6��ก���G#;&-/
ก���������� !�ก"#5%3 [2,3,4] 

%8/.�,5%3ก21�4*��234  ��%/DG3�G")!4�*@F��7X).�,@?#3-/*�
#84!40!;*.�,��*��6@F��)ก:)$%ก���������� !�ก"#5%3  &A?.�,*�
ก��W'ก_�@F�)4)*�กW'ก_��ก�,�4ก80ก��@F��)กก����������00�;1*
P',/�ก$%@�ก!4�*5*1�)1)-)&-/:1-/�8���A5�3��� [2,3,4] 
0.!4�*)�(5%3*-/-�ก7�?�%")G)',/!+-ก��@F��)กก���������� !�ก"#
P',/�ก$%@�ก!4�*�--8%0)�!�+-&1���00���  ��� ����*@F��)ก  
ก���������� !�ก"#P',/�ก$%@�ก!4�*�--8%�2? $@��A�ก�A��ก$%&'()
.�,@;%#$%&8%.�,*��0)%M4$%.M@F�ก8% (limited bandwidth bottleneck) 
#1-57���@?-]$0��6'/!;A28ก_A?&-/ก���������� !�ก"#.�,ก$%@�ก
!4�*�--8%�2?���%/DG3�G")41������*��6@F��)ก5%3-�1�/5�     
� +,-)F��?00!40!;*.�,:��c2�%.F�ก��#-0�)-/ก���������   
� !�ก"# ���5%3��)-ก�?04)ก��-�1�//1��.�,����ก41�ก��!4*!;*.�,
#�?G)8ก6'/@;%#$%&8%.�,@F�ก8% (limited-bottleneck aware control) 
�;%.3�����-]$0���00@F�2-/�2?4$�!��?GMI2ก��@F�2-/ 
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ก���	 
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ก�� �� ก     

���������   
ก���������� !�ก"#�)+,-/@�ก-8#��0$.I$% 2�% (bit error 

rate) �7X).�,��3ก8)41�5*1!1-��ก$%0)�!�+-&1���00���  ก�?04)
ก��!4*!;*ก��&)�1/ (transport control mechanisms) 6�ก--ก�00
L%��**;#$\�)41�ก���������� !�ก"#�7X)#84��%/41��!�+-&1���--8%
I2!+-ก��%F��)$)ก��L%�.8).�� +,-G2�ก�2�,�/!4�*�--8%�:1)2%    



  

ก���1/&3-*�2-�1�/�4%��"4 )�,�7X)28ก_A?�c �?-8)G)',/.�,�ก$%&'()D)
ก�A�.�,*�ก��D:3�14*&-/��3).�/&3-*�2@F�)4))3-� (low level of 
statistical multiplexing) �:1)*�@F�)4)#84�1/5*1*�ก.�,D:3��3).�/
�14*ก8)D)2$/!M�%��4ก8) �)+,-/@�ก#84�1/*��14).F�DG3�ก$%!4�*�--8%
L%�#�/  -�1�/5�ก"#�* *�ก��W'ก_�@F�)4)*�ก��%/DG3�G")41�    
ก��D:3/�)�14*ก8)0)�!�+-&1���00  best-effort network D)ก�A�   
.�,*�ก��D:3�14*&-/��3).�/&3-*�2@F�)4)*�ก (high level of 
statistical multiplexing)  f#$ก��*&-/� !�ก"#.�,�������6�กกF�G)%
L%�7�$*�Aก��D:3��3).�/&3-*�2�4*.8(/G*% (aggregate traffic) 
��7�00ก���������� !�ก"#)8()*�28ก_A?Dก23�!��/ f#$ก��*     
�00�;1* [5,6] I2ก��.%2-/L%� Bolot [6] ��%/DG3�G")41�         
ก���������&-/� !�ก"#@?*�28ก_A?�7X)�00�;1*�*+,-*�7�$*�A    
ก��D:3��3).�/&3-*�2�14*ก8)*�ก  ก�A�)�(6'/�*341�� !�ก"#.�,�������
�ก$%@�ก!4�*�--8% �#1�?00-�@@?5*1#3-/#-0�)-/L%�.8).�
�)+,-/@�ก#84�1/-�@@?5*1D:1���G#;�F�!8�.�,*�I2#1-!4�*�--8% 
%8/)8()ก��@F��)กก���������� !�ก"#@�ก!4�*�--8%@?.F�DG3
ก�?04)ก��!40!;**�!4�*:��c2�%*�ก&'()�2?#-0�)-/ก80
� !�ก"#.�,�������5%3%�&'() #84-�1�/�:1)L7�L#!-2 TCP Reno [7] 
�#���*4$]�ก�� Fast Retransmit �2? Fast Recovery P',/�7X)4$]�ก��
@F��)กก���������� !�ก"#.�,�ก$%@�ก!4�*�--8%�00G)',/P',/.F�   
ก��#-0�)-/� !�ก"#.�,�������5%3-�1�/*�7�?�$.]$E� *�ก 
�F�G�804$]�  Fast Retransmit 63�*�ก���1/�8���A#-0ก280 
(acknowledgement) &-/� !�ก"#.�,�������P(F�*�กก41���*!�8(/&'()
57��%/41��ก$%� !�ก"#�������  � !�ก"##1-*��8/!/5%3�80.�,#84�80
%8/)8()� !�ก"#�������)1�@?�ก$%@�ก���G#;!4�*�--8%:8,4!��1G�+-
!4�*�--8%5*1�;)��/  #84�1/@?.F�ก���1/P(F�&-/�14).�,���G��.8).�
L%�&3�*ก�?04)ก���1/&3-*�2P(F�7ก#$ (normal retransmit process) 
�F�G�804$]� Fast Recovery #84�1/.F�ก���1/� !�ก"#-�1�/#1-�)+,-/L%�
D:34$]� Congestion Avoidance �.)4$]� Slow Start .F�DG3��*��6� $,*
ก���1/&3-*�25%3��"4ก41��2?*�7�?�$.]$E� *�ก&'() 

2.1 ก�������กก���	
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ก����ก���������      

� ��9����4��� �� ����F����F���ก�� 
��� ����*@F��)กก���������P',/�ก$%@�ก!4�*�--8%ก�A�

�ก$%&'().�,@;%#$%&8%.�,*��0)%M4$%.M@F�ก8% %34��G#;)�(ก���8/�ก#� !�ก"#
.�,�������-�1�/�%��4�7X)&3-*�2.�,@F�ก8%*�กD)ก����%/�6�)?
�!�+-&1��  � !�ก"#.�,�������0)@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%��%/
!4�*�--8%&-/�!�+-&1��.�,#3-/.F�ก���ก35&L%�.8).� �)+,-/@�ก     
#84�1/*��14).F�DG3�ก$%!4�*�--8%L%�#�/  D).�/#�/ก8)&3�*    
� !�ก"#.�,�������@�ก!4�*�--8%P',/*�28ก_A?�00�;1*��%/     

!4�*�--8%.�,�ก$%&'():8,4!��1G�+-!4�*�--8%.�,5*1�;)��/  #84�1/5*1
!1-�*��14)D)!4�*�--8%)8()  ก��@F��)ก� !�ก"#.�,�������@�ก
!4�*�--8%.F�DG3ก�?04)ก��!40!;*5*1#3-/#-0�)-/.8).�#1-
!4�*�--8%.�,5*1�;)��/.F�DG3ก���-/�80*�7�?�$.]$E� *�ก&'()*�
ก��W'ก_�@F�)4)*�ก��%/DG3�G")41�*�!4�*�8* 8)]M�?G41�/ delay 
�2?ก���������� !�ก"#0)-$)�.-�M�)"# [8,9,10,11] P',/*�7�?L�:)M
*�กD)ก��@F��)กก���������� !�ก"#.�,�ก$%@�ก!4�*�--8% ���D:3
L*�%2-�1�//1����%/!4�*�7X)575%3D)ก��D:3!4�*�8* 8)]M
�?G41�/ delay �2?� !�ก"#.�,�������@F��)กก���������� !�ก"#0)
@;%#$%&8%.�,*��0)%M4$%.M@F�ก8% กF�G)%DG3��3).�/@�ก#84�1/6'/#84�80
7�?ก-0%34�2$/!M@F�)4) H 2$/!M L%�.�, i = 1,r,H  �**;#$DG32$/!M
.F�/�)�00 FIFO (First-In-First-Out) �2?ก���--��1D)!$4&-/���.M
�#-�M (queuing) �00 drop-tail �?�?�42�.�,D:3D)ก���1/� !�ก"#
@)6'/I�3�80 (one-way network delay) (D) &-/� !�ก"#.�,5%3�80
��*��6�&��)5%3%8/�*ก��.�, (1) 
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i
propD  !+- �42�.�,D:3D)ก���%$).�/0)��� cable (propagation 

delay) .�,2$/!M i 
i
tranD  !+- �42�.�,D:3D)ก���1/&-/ router (transmission delay) .�,

2$/!M i 
i
queueD  !+- �42�.�,�--��1D)!$4&-/ router (queuing delay) .�,2$/!M i 

L%� i
propD �2? i

tranD L%�7ก#$*�!1�!/.�,#2-%.8(/��3).�/ D)&A?

.�, i
queueD L%�7ก#$*�!1�5*1�)1)-) ก���������� !�ก"#�ก$%&'()�*+,-

2$/!M.F�/�)@)�#"*&�%!4�*��*��6�2?� !�ก"#��$,*6�ก.$(/@�ก!$4
L%�DG3 m-th �7X)2$/!M.�,� !�ก"#6�ก.$(/  กF�G)%DG3 lossD �7X) delay 

&-/� !�ก"#.�,�80*�ก1-)� !�ก"#.�,�������P',/�&��)5%3%8/�*ก��.�,
(2) 
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�*ก��.�,(2) ��%/DG3�G")41� i
queueD  -�@@?*�!1�*�กG�+-)3-�5%3 

D)&A?.�, 
m

queueD
∧

 �7X)!1� queuing delay ��/�;%&-/2$/!M2F�%80.�, m 
G�5%3@�ก&)�%&-/!$4G��%34�7�$*�A�0)%M4$%.M&-/2$/!M ( iC ) 
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C

QueueSize
D =       (3) 

 
@?�G")5%341� queuing delay �7X)�8%�14)ก280ก8)ก807�$*�A     
�0)%M4$%.M&-/2$/!M  63�7�$*�A�0)%M4$%.M&-/2$/!M)3-� queuing 
delay @?*�!1�*�ก  @�ก�*ก��.�,(2) ��� ����*�8/�ก#!1� lossD �2?

@F��)ก� !�ก"#68%57.�,�ก$%ก���������0)@;%#$%&8%.�,*��0)%M4$%.M

@F�ก8% 63� �7X)ก�A�)�( D)�*ก��.�, (2) 
m

queueD
∧

 @?*�!1 �*�กก41� 

∑
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mii

i
queueD

,1

 �2?����8/�ก#�42�.�,D:3D)ก���1/&-/�#12?� !�ก"#

.�,D:3�.��0ก80� !�ก"#-+,) (peak delay) D).�/#�/ก8)&3�*  63�ก��
�������� !�ก"#�ก$%&'()0)2$/!M.�,5*1#$%&8%!+-7�$*�A�0)%M4$%.M      
*�&)�%DG�1 ���@?�8/�ก#5%341� delay *�!1�#,F� -�1�/5�ก"#�* lossD    

*�&-0�&#%8/#1-57)�( 
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   (5) 

 

lossD *�!1�#,F��;%%8/�*ก��.�,(4) �*+,-� !�ก"#.�,�80*�*�!1� queuing 

delay )3-�`0) i-th 2$/!M  �#1*�!1� queuing delay ��/�;%0) m-th 
2$/!M lossD *�!1���/�;%%8/�*ก��.�, (5) �*+,-� !�ก"#.�,�80*�*� 

queuing delay ��/�;%0).;ก2$/!M  .�,@�$/&-0�&#�G21�)�(*�!4�*
�7X)575%3)3-�*�ก.�,�;%  �)+,-/@�ก queuing delay 7ก#$*�ก��
�72�,�)�72/ (delay variation) ��/*�ก lossD  @?�7�I8)-�1�/*�ก

�:1)ก8)@�ก�*ก��.�, (2) ∑
≠=

H

mii

i
queueD

,1

 -�@@?*��14)D)!1� delay

*�กก41� m
queueD  %8/)8()5*1/1��.�,@?@F��)กก���������� !�ก"#P',/

�ก$%@�ก!4�*�--8%@�ก!1� delay 5%3-�1�/�*1�F�  6'/ก�?)8()&3-@F�ก8%)�(
5*1D:17J�G�D)�?00@8%ก��&-/ก��!40!;*.�,#�?G)8ก6'/@;%#$%&8%
.�,*��0)%M4$%.M@F�ก8% (limited-bandwidth aware control ) &-/���P',/
@?5%3.F�ก��-]$0��#1-57 
 

2.2 ก��������	
���
���ก������������	
��
��������	�
���ก�� 

%8/.�,5%3ก21�4*��234�?00#3-/ ����*G� peak delay � +,-
@F��)กก���������� !�ก"#.�,�ก$%&'()0)@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%
L%�ก��#�4@!1� lossD  �?005*1*�.�/.��0!1� peak delay !1�

#1-5741�@?�7X)-?5� %8/)8()ก��#8%�$)D@41��ก$%ก���������� !�ก"#
0)@;%#$%&8%.�,*��0)%M4$%.M@F �ก8%G�+-5*1  ��*��6.F�5%3L%�
D:3 lossD ก1-)G)3��.1�)8() ���D:3กu)�(� +,-@F��)ก peak delay 

%8/#1-57)�( 
 

( )lossthresthresloss DDDD max; α=≥     (6) 

 
@?�G")5%341� lossD  #3-/�.1�ก80G�+-*�กก41� thresD  P',/.F�ก��G�

@�ก peak &-/ lossD  .�,08).'ก543D)-%�# L%�.�, α กF�G)%DG3*�!1�

�.1�ก800.5 ก��.%2-/&-/�����%/DG3�G")41�!1�)�(&-/ α ��*��6

@8%ก��ก80 delay variation .�,�ก$%@�ก ∑
≠=

H

mii

i
queueD

,1

 D)�*ก��.�, (2) 

5%3%34�4$]�)�(#84!40!;*@?��*��6@F��)กก���������� !�ก"#.�,�ก$%
@�ก@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%5%3  63�ก���������� !�ก"#�ก$%&'()
0)2$/!M.�,5*1#$%&8%�2?*��0)%M4$%.M&)�%DG�1#84!40!;**�.�/�2+-ก
5%3G2��.�/.�,@?@8%ก��ก80!4�*�--8%�2?7�807�;/�*��6)?       
ก��.F�/�)DG3�G*�?�*.�,�;%  !F�6�*.�,�F�!8�!+-@?�7X)-�1�/5�            
63�#84!40!;*@F��)ก!1� lossD 5*16�ก#3-/  !F�#-0!+-�7X)575%3       

2 ก�A�!+-  ก�A���ก@�ก�*ก��.�, (2) 63� ∑
≠=

H

mii

i
queueD

,1

 *��14)

�ก�,�4&3-/ก80 peak delay *�ก  #84!40!;*@?@F��)กก���������   
� !�ก"#I$% 2�%L%�@F��)กก����������00�;1*�7X)ก���������
� !�ก"#.�,@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%  6'/�*341�@?5*16�ก#3-/ก"#�* 
�?00�8/!/�8ก_�ก�?04)ก��#-0�)-/L%�.8).�543  ก�A�.�,�-/63� 

thresD  *�!1���/*�ก�2? peak delay *�!1�#,F�ก41� thresD #84!40!;*

@?@F��)กI$% 2�%L%�@F��)กก���������� !�ก"#.�,@;%#$%&8%.�,*�
�0)%M4$%.M@F�ก8%�7X)ก����������00�;1* ก�A�)�(#3-/G2�ก�2�,�/� ��?

�?00@?#-0�)-/!4�*�--8%.�,�ก$%&'():3�*�ก%8/)8()!1� α @'/�7X)
#84�7�.�,�F�!8�  ก��W'ก_�D)-)�!#�ก�,�4ก80 ก���@ก�@/!1� delay 

variation �2?ก��.%�-0G2��`!�8(/@?:14�.F�5%3!1� α .�,�G*�?�* 

3. ������,���,6��
���6CFG,ก�����,��  
���5%3��)-�00@F�2-/ (simulation) � +,-W'ก_�4$]�ก��

!40!;*.�,#�?G)8ก6'/@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%�2?��%/DG3�G")



  

41��?00.F�/�)5%3-�1�/5� ก��@F�2-/D:3L7��ก�* Network 
Simulation 2 G�+- ns-2 [12] L!�/��3�/�!�+-&1����%/%8/��7.�, 1 
7�?ก-0%34�@;%#1- (node) 3 @;% L%�.;ก@;%#1-*�ก��.F�/�)�00 
FIFO (First In First Out) �2?ก��.F�!$4�00 drop-tail (drop-tail 
queuing) �:1)�%��4ก80�!�+-&1��.�,D:3D)7J@@;08)P',/�7X)�00 best 
effort service 2$/!M�?G41�/@;%#1- 0 �2? 1 *�7�$*�A�0)%M4$%.M
&)�% 10 Mbps �2?�**;#$DG3�7X)�ก)�!�+-&1�� (core network) .�,*�
ก��D:3�14*&-/��3).�/�1/&3-*�2@F�)4)*�ก  2$/!M�?G41�/@;%#1- 1 
�2? 2  *�7�$*�A�0)%M4$%.M@F�ก8%�2?กF�G)%DG3�7X)@;%#$%&8% 
� +,-DG3�00@F�2-/�*@�$/*�ก&'()D)�#12?2$/!M*�@F�)4) background 
traffic P',/�7X)���G#;.F�DG3ก���������� !�ก"# background traffic 
�7X)&3-*�2�00 ON/OFFP',/*���7�00#�*!1�#84�7�&-/ก���@ก�@/
�00 ���L#3 (Pareto distribution) !1��.1�ก80 1.5 [13] ���D:3
�G21/@1�� 9 #840)�#12?@;%#1-��3�/ background traffic DG3�7X)57
#�*ก���@ก�@/.�,W'ก_�@�ก [14,15] !+- 60 �7-�M�P")#M&-/� !�ก"# 
*�&)�% 40 50.M  25 �7-�M�P")#M *�&)�% 550 50.M  �2? 15 
�7-�M�P")#M *�&)�% 1500 50.M  D)�14)� !�ก"#&-/LG2%*�ก��
ก�?@��%8/)�(  7 �7-�M�P")#M *�&)�% 40 50.M 35 �7-�M�P")#M *�&)�% 
550 50.M�2? 58 �7-�M�P")#M *�&)�% 1500 50.M 

#84�1 /�2?#84�80#1-.�,@;%#1-��ก�2?@;%#1-�;%.3 ��
#�*2F�%80 L%�&3-*�2�%$).�/57�8/.;ก@;%#1-  #84�1/กF�G)%DG3�1/
&3-*�2%34�-8#��!/.�,*�!1��.1�ก80 120 Kbps ����**;#$DG3L7��ก�*
7�?�;ก#M*�7�$*�Aก��D:3&3-*�2����/G�+-4�%�L-  #84�80��*��648%!1� 
one-way network delay L%�D:3�42� timestamp &-/� !�ก"# 7J�G�
.�,�F�!8�-8)G)',/D)ก��G�!1�%��2�M!+-�8���A)�z$ก��?G41�/#84�1/
ก80#84�805*1#�/ก8)  %8/)8()#84�1/�2?#84�80@F��7X)#3-/กF�G)%�42�
DG3#�/ก8)�F�G�8048%!1� one-way delay �:1)ก��D:3�?00 GPS 
(Global Positioning System) G�+-L7�L#!-2 NTP (Network Time 
Protocol) �2?-82ก-�$.'*-+,)`��*��6)F�*�D:35%3�:1)ก8) [16] ���
L7��ก�*#84�80DG3*�ก��D:3/�)ก��!40!;*.�,#?G)8ก6'/@;%#$%&8%.�,*�
�0)%M4$%.M@F�ก8%�2? ����*@F��)กก���������� !�ก"#.�,�ก$%@�ก
@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%L%�ก���8/�ก#!1� lossD  
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(a) �	
� network delay ��������ก���������� (b) �	
� lossD        

(c) �	
�����ก��	� �	�!����ก�
��ก
���� n0-n1 (d) �	
�����ก��
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��7.�, 2, 3 �2? 4 �7X)I2ก��@F�2-/L%�.�,2$/!M#$%&8%�7X) 512Kbps 
1Mbps �2? 2Mbps #�*2F�%80 �#12?E� 7�?ก-0%34���7 (a) ��%/ 
one-way network delay &-/� !�ก"#.�,�80*� ��7 (b) ��%/!1� 

lossD �2? thresD  ��7 (c) ��%/ก���������� !�ก"#@�ก2$/!M n0-n1 

��7 (d) ��%/ก���������� !�ก"#.�,2$/!M@;%#$%&8% L%�.�,@;%%3�)0)
��%/ก��@F��)กก���������� !�ก"#.�,6�ก#3-/�2?ก�ก0�.%3�)0)
��%/ก��@F��)ก.�,I$% 2�% #84-�1�/��7 (c) @;%��%/ก���������
� !�ก"#.�,�ก$%0)2$/!M n0-n1 �2?ก�ก0�.��%/ก���������� !�ก"#
.�,5*1�ก$%&'()0)2$/!M n0-n1 �#1�ก$%0)@;%#$%&8% ��7 (d) @;%��%/   
ก���������� !�ก"#.�,�ก$%&'().�,@;%#$%&8%�2?ก�ก0�.��%/ก��
�������� !�ก"#�ก$%&'()0)2$/!M n0-n1 I2&-/�00@F�2-/��%/DG3
�G")41�  4$]�ก��!40!;*@;%#$%&8%.�,*��0)%M4$%.M@F�ก8%��*��6@F��)ก
ก���������� !�ก"#5%3-�1�/6�ก#3-/ L%��c2�,�*�กก41� 60 �7-�M�P")#M  
�8/�ก#5%3@�ก��7 (b) ��$,*#3)#84!40!;*�8/5*1.��0!1� peak delay 
%8/)8()#84!40!;*#3-/��3�/#84#8%�$)D@@�ก!1� lossD D)-%�#  I2D)

��7 (d) :14/��ก#84!40!;*@F��)กก���������� !�ก"#I$% 2�%L%�
*-/41��7X)ก���������.�,�ก$%@�ก@;%#$%&8%  6'/�*341�@?5*16�ก#3-/�#1
#84!40!;*@?*-/.;ก� !�ก"#�7X)ก���������.�,2$/!M@;%#$%&8% 
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 1Mbps              

(a) �	
� network delay ��������ก���������� (b)�	
� lossD         

(c) �	
� ����ก��	� �	�!����ก�
��ก
���� n0-n1 (d) �	
�����ก��
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P',/5*1�7X)&3-�����#1-�1�/5� �$,/�F�!8�!+-#84!40!;*#3-/5*1@F��)ก
ก���������.�,�ก$%@�ก@;%#$%&8%�7X)ก���������.�,5*1�ก$%@�ก@;%#$%&8%
I2D)��7 (c) ��%/DG3�G")41�#84!40!;*��*��67�?�0I2�F���"@
�2?*�&3-I$% 2�%� ��/�2"ก)3-��.1�)8() 

�*+,-.F�ก��� $,*7�$*�A�0)%M4$%.M.�,2$/!M@;%#$%&8%@�ก 
512Kbps , 1Mbps �2? 2Mbps @�กI2ก��@F�2-/D)��7 (d)           
#84!40!;**��)4L)3*ก��@F��)กก���������0)2$/!M n0-n1 I$% 2�%
�7X)ก���������.�,�ก$%@�ก@;%#$%&8% �*+,-2$/!M@;%#$%&8%*��0)%M4$%.M
*�ก&'() �!�+-&1��%��G*+-)5*1*�2$/!M�0)%M4$%.M@F�ก8% %8/)8()I2&-/ 
delay variation .F�DG3ก��@F��)ก peak delay .�,�ก$%@�ก@;%#$%&8%.F�
5%3��ก&'()  )�,5*1D:17J�G�� ��?�?00@?*-/.;กก���������� !�ก"#
�7X)ก���������.�,�ก$%@�ก@;%#$%&8% D).F�)-/�%��4ก8)�*+,-.;ก2$/!M*�
�0)%M4$%.M.�,@F�ก8%  !1� delay variation @?.F�DG3ก��@F��)ก peak 
delay .F�5%3��ก�:1)ก8)  I2ก��@F�2-/��%/41�ก�?04)ก��.�,
)F���)-��*��6.F�/�)5%3-�1�/%��2?*�7�?�$.]$E� �*+,-�!�+-&1��*�
@;%#$%&8%.�,*��0)%M4$%.M@F�ก8% 
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(a) �	
� network delay ��������ก���������� (b) �	
� lossD        
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���� n0-n1 (d) �	
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4. ����9/ 
ก���������� !�ก"#0)�!�+-&1��� !�ก"#�00�4$#:M�7X)

.�,��3ก8)L%�.8,45741��14)DG�1*����G#;*�@�ก�!�+-&1���ก$%!4�*�--8%      
�#1-�1�/5�ก"#�*  ก��#�4@�-0� ��/ก���������� !�ก"#� ��/   
-�1�/�%��4�7X)&3-*�2.�,@F�ก8%*�ก.�,D:3��%/!4�*�--8%0)�!�+-&1��  
0.!4�*)�(5%3 ����*@F��)กก���������� !�ก"#P',/ �ก$%@�ก      
!4�*�--8%� +,- ����)��3�6�)?&-/�!�+-&1�� L%�ก���8/ �ก#
!4�*�8* 8)]M&-/ delay �2?ก���������� "!�ก"# �����%/!4�*
�7X)575%3D)ก��@F��)ก�?G41�/ก���������� !�ก"#P',/�ก$%@�ก@;%
#$%&8%.�,*��0)%M4$%.M@F�ก8%�2?ก���������.�,*�28ก_A?�00�;1*
�)+,-/@�กก��D:3�14*��3).�/&3-*�2@F�)4)*�กD)2$/!M�%��4ก8)  
@�ก)8()���5%3��)-4$]�.�,����ก41�ก��!40!;*.�,#�?G)8ก6'/@;%#$%&8%.�,
*��0)%M4$%.M@F�ก8% I2@�ก�00@F�2-/��%/DG3�G")41�4$]�ก��.�,5%3
)F���)-.F�/�)5%3-�1�/%��2?��*��6@F��)ก���G#;&-/!4�*�--8%
5%3  L%��c �?-�1�/�$,/ก�A��!�+-&1���7X)�00@;%#$%&8%.�,*��0)%M
4$%.M@F�ก8% 

4$]�ก��!40!;*.�,#�?G)8ก6'/@;%#$%&8%.�,*��0)%M4$%.M@F�ก8% 
(limited-bandwidth aware control ) .�,)F���)-D)0.!4�*)�( 



  

��*��6)F�577�?�;ก#MD:3D)�?00!40!;*ก��#$%&8%�F�G�80ก���1/
&3-*�27�?�E. Streaming media �:1) &3-*�2����/ �2?4�%�L-  P',/L%�
7ก#$*�ก���1/I1�) UDP (User Datagram Protocol) .�,5*1*�ก��
#-0�)-/#1-ก��#$%&8%0)�!�+-&1��  4$]�.�,)F���)-@?:14�DG3#84�80
c2�%&'()  � ��?63��ก$%ก���������� !�ก"#0)�!�+-&1��.�,@;%#$%&8%.�,
*��0)%M4$%.M@F�ก8%�?00@?2%ก���1/.8).�  � +,-G2�ก�2�,�/ก��
�������� !�ก"#*�ก&'() �#163�5*1D:1  #84�1/-�@5*1@F��7X)#3-/2%ก��
�1/&3-*�2.8).�   �;%.3���?00@?:14�DG3ก���1/&3-*�2*�7�?�$.]$E� 
*�ก&'() �2?:14�2%ก��#$%&8%0)�!�+-&1��5%3 
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