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TCP Vegas VXW+Y[Z]\,^`_,acbedB^Dfhgji TCP kDl+mRn?ojprqXW.s[tvuxwzy|{`}H~��h�[��{[~[�xn]� E��a+n[�,{?�[�x�v�e���.g TCP Vegas �?�.�[�+{��.�[�?�h�Bk?�+{[~��j�v�za[{���f.g+V�W+Y`Z]\ (TCP Reno / Tahoe) ~

TCP Vegas ~�i?�.�.�.�Bk.�. �{?V�W+YjZ?\¢¡.i?£.¤.¥Hk`¦��xn[^+}DaB§¢�?¨.©[�.� � a+n[�`�[�¢�rª.«j�[^D�j¬�uqX[t,®hq�W+¯,k.�.�`n TCP Reno ~ TCP Vegas iX°,+®.±[Z?\¢�?².³��xn[�,{��.�Bk.�. �{��+VXW+Y[Z?\¢¡.i?£.¤¥Bk`´[�?n.i?µ.¶cwz·.¸h�j¹X±Rº]»�¼xW+±`Z?\,kH½¢¾�n?¿ÁÀÂ�x¨.©Bk.�.�?n[^¢q�W+¯¢irVvt,ÃRÄzÅ 9hÆ.Ç ~[�Ân FIFO

(First In First Out) �j¹ RED (Random Early Detection) i?È+ÉrÊÁwzË.ÌBk|�e�+V�t,Ã+ÄzÅ 9.Æ.Ç �,VXW+YjZ?\¢¡.i?£.¤¥Bk¢Í+�+{�ÎhÏBk`´[�`n[Ð�µ.¶Áwz¿ÁÀ��,Ñ.ÒHkD�[_,aÁ�xi?µ.¶hÓ.ÔÁw 0 k TCP Vegas �.ÕX\.¯,Wh[t�u�k��.�j�+{RÖ× iX±DØÁÙzÚ�wzÛ.Üj�+{?�Ý?Þ+ß,Þáà
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Abstract TCP Vegas version is expected to achieve higher throughput than TCP Tahoe and Reno versions, which are cur-

rently used in the Internet. However, we need to consider a migration path of TCP Vegas when it is deployed in the Internet.

In this paper, we focus on the situation where multiple TCP Reno and Vegas connections coexist at the bottleneck router, by

which the fairness property is investigated to seek the possibility of future deployment of TCP Vegas. We consider FIFO (First

In First Out) and RED (Random Early Detection) as buffering discipline at the router, and evaluate the effect of RED algorithm

on fairness enhancement.
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TCP Reno v r(s H{z8|8}8~8� (SR � , ... SR ��� )� TCP

Vegas v r(s H{z8|8}8~8� (SV � , ... SV ��� )�3�1|8}8~8�
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TCP Vegas ¡(ô1*328Ó�Ø � y z8|3Ä8Å3+F,B¡�� � ���
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�¬�!H;J�÷ TCP ôe*32$Ó�Ø � q Ä$ÅF+×,7�5Ý$A)�+� x Hh � y ÷Fô1*!28ÓIØ � ¡ �"� ��� � ² ³8´ ¡;à : à�� xH��i��
 x HI�B� 1 j$¡1±3+�0L2�b!G :�< * ¦ TCP Reno��� TCP Vegas ¡(ô1*32$ÓIØ � q �+� x H;Ä$Å×+×,��5Ý� c � [packets]� c � [packets]
y �c �;V c1k ®$�

®$�°OI®$� (7)

c �;V c1k ®$�
®$�°OI®$� (8)

�{�3HQJ Fast Retransmit
:=< * ¦ Ä8Å×+F,��5Ý[v >[ý�¨Á TCP Reno ¡(ô1*×28Ó�Ø � y �=� �T� � ² ³8´ v 1/2:;x H1¡ q ( 2.1

þ"l"m
)�5Ä$Å×+×,;�{Ý�n15�¡ TCP Reno¡(ô1*32$Ó�Ø � ¡ ��� �T� � ² ³8´ ¡ Ú] ®po� [packets]y �8Ë (7)

< ^��
® o� V Z

^
k ®$�
�W�
c �UO ®$��W� K �ß�q`

c �XT
V ®$�°O$^ ®;�
^�K ®5�UOI®$� T

k ®$� (9)

�{�3H;J�Rr* ¦ � ) 2
< ^�� TCP Reno ¡(ô1*328Ó�Ø �



¡ �"� ��� � ² ³8´ ¡ Ú] ¡;Û8Ü"\ ®$� [packets]
y � Ïs ¡ <I9;:Ltu H A �{A q (tH;J

®$�;V
�v K ®1�°OI®po� Txw6y{z|wL}y� y OI®$�

w6y{z|w }y� y O�Z (10)

À1Á�� TCP Vegas ¡(ô1*32$ÓIØ � ¡ �"� ��� � ² ³$´ ¡Ú] ¡;Û�Ü�\ ®$� [packets]
y � ®$� = ®$���{�×H;J3Rr*¦ �$÷3±(03ã�Ø � ¡(ô1*32$ÓIØ � 1

o ¡;Û$Ü3±×+�0+2 �Ä8ÅF+-, �  � [packets]�  � [packets]
y �

 �/V ®$� k 
^]ºY¯1O��~  �uV ®$�

k 
^]ºY¯1OI (11)

�{�3H;Je÷Fô1*328ÓIØ � ¡8Ý17t08ÞI+F, y ���=,°7(*I+
2$7�0×� :�Â8Ã H�±F+�02��eö=� : à=� x H��I��
 ¨¦ s Ht¡ q �8÷-ôt*32�Ó�Ø � ¡�Û8Ü�Ýt7(0�Þ�+F,'� ���� � [packets/sec]

y Ï s ¡ <I9;:(¨�¦ � H A �{A q (tH;J
� �/V�¯ k  �

 �UOI ��~ � ��V�¯
k  �
 �°OI � (12)

4.2 RED ��
RED Ê1Ë :$Â s ¦ y �{±×+�0L2�b!G :=< * ¦ Ä8Å3+F,;�Ý8A)�� x H�� : �5±×+�0+2 � Ä8Å×+F,���A$Ì3H��)\�v�p� H�� h ��ù : Ä8ÅF+-,Bv���� x H [4]J o8þ :�Â s¦ y �3Ä8Å-+F,;�!Ý y : ¦ RED Ê1Ë :=< H h ��ù)���:=< * ¦ ¡��)�� x HI� ¨ �!Ä8Å×+F,��"��� y ±×+�0+2� Ä8ÅF+F,�� :�æ)W � ª ��
�\�� q Ì3H�� x H;J

RED Ê1Ëév r(s Á Ù8Ú :�& � TCP Reno ¡(ôe*328ÓIØ� y Ä8Å3+F,��5Ý8A��� x HIÀ q���� ��� � ² ³8´ v;� ¨ � Ã H�J�Rr* ¦ � FIFO Ê1Ë�¡ Ù8Ú �eÿ�� : � TCP
Vegas ¡(ô1*32$Ó�Ø � y ��� ��� � ² ³8´ v��� FEIf�HA � y q (�� s J < * ¦ � TCP Vegas ¡(ôe*328ÓIØ � ¡�"� ��� � ² ³8´ ¡ Ú+] ®$�P���$�8¡;Û8Ü ®$� : 9Is ¦Ï s ¡;Ë�A)��� x H;J

®$�/Vn®$�;V��W� (13)

�8Ê1� TCP Reno ¡(ô1*!28ÓIØ � ¡ �"� ��� � ² ³8´�y �
FIFO ÊeË�¡ Ù$Ú ��ÿ�� : � h ��ù$�1Ä$ÅF+×,�����v�(*� Ã � x H ,�- ù��)�=�év x H;J A GFv 1 ² ³ 2$7 �
�� x H��B� 1 ² ³ 2�7 q z8| q (tH{Û8Ü3Ä8ÅF+F, � yZ]\{� q Ì!H;J$À1Á�� TCP Reno

:$Â s ¦ y � �"� ��� ���q
2
e Ï H ¡1Ä8Å3+F,��5Ý8A��� x H��B��: ¦ ¡)���!ÄÅ×+F,�v Fast Retransmit

q >�ý � ? z x H A �¬A q ( 8: �3� ³"�'� � ,�v;�/��� ? zév/â 9 [8]J1RS* ¦ � TCP
Reno ¡ 1

o ¡(ôt*328Ó�Ø � :8Â s ¦ Ä8ÅF+-,;�5Ý�A)�� x H1¹8¡;Û8Ü �"� �T� � ² ³8´ v > � [packets] � x H�B� RED Ê1Ë :=< H h ��ù��)�=��¡ s q � ³=�'� � ,A)�� x H h ���|��� y Ï s ¡ <I9;:�ü[ý q (tH;J
�|����V

� y
����v �

� K Z�`L� T � y{z � (14)

Ï s �{Ä$Å×+×,;�{Ý[ve� ³���� � , :=< * ¦�>[ý;x H1�Q�
Fast Retransmit

:=< * ¦)>[ý�x H1� :�< * ¦ Ù8Ú"� Ã vâr* ¦ Ñ8Òévuâ 9 J
� ³=�p� � ,ßA��S� x H Ù8Ú � ��� �D� � ² ³8´�y

1 [packet]
: � X +F,uE�G1� > �]\�^ : �3HIÀ q Slow Start

Phase
:=< H ��� �T� � ² ³�´ ¡��� évQâ 9 J1Ë (1) ��¿� Slow Start Phase ¡)�FE¡ ¢���¤£ � [sec]�8��� Slow Start

Phase
:8Â8Ã H5z8|3Ä8Å-+F,��¦¥§���¤£ � [packets]

y Ï s ¡<I9;: �3H;J
 ¢���¤£ �¬Vé� M M k©¨«ª¬ v K > ��\�^�T (15)

¥§���¤£ �¬V K > ��^�T�`(Z (16)

A�A q � M M [sec]
y Ä8Å3+F,ß¡;Û8Ü=� � �T� ,���+;Þ�¹ ¢q Ì3H�J�E�� : ����¡)5�¡ Congestion Avoidance Phase

¡)�FE¡ ¢���¤£ v [sec] ��� Congestion Avoidance Phase
:8Â

Ã H{z8|3Ä8ÅF+F, �¦¥§���¤£ v y �8Ë (1)
< ^��

 ¢���¤£ v V�� M MXK > �®`(K > ��\�^�T�T (17)

¥§���¤£ v V Z
^ K
> �UO8K > �]\�^�T�T K > �®`(K > �]\�^�T�T (18)

�{�3H;J�8Ê1�×� ³��'� � ,ßA)��1f 8 � Fast Retransmit
q Ä

Å3+3,Bv ? z x H Ù$Ú y �{Ä�Å×+3, ? z"5I¡ ��� �T� � ²³$´�y Ä$Å3+3,;�{Ý$¡1n1�I¡ 1/2
: �a^�� Slow Start Phasey â+¯ 8 : Congestion Avoidance Phase

:Q° ^�� 1 RTT
q

1 [packet]
�p8�9���� ��� � ² ³8´ v��� FEIf�H (2.1

þl�m
) J1RS* ¦ � Slow Start Phase � Congestion Avoidance

Phase ¡)�FE��Bz8|3Ä8ÅF+F, � y Ï s ¡ <I9;: �3H;J
 ¢±��©£ ��V¡² ~ ¥§±��©£ ��V�² (19)

 ¢±��©£ v V�� M MXK > �®`(K > ��\�^�T�T (20)

¥§±��©£ v V Z
^ K
> �UO8K > �]\�^�T�T K > �®`(K > �]\�^�T�T (21)

Rr* ¦ �×� ³=�'� � ,ß¹ ¢ v�� M´³ [sec] � x H����$Ë
(15)–(21)

< ^P� 1 ² ³ 2�7 q z8| q (tH;Ä8Å3+F,��8���> � : 9Is ¦ Ï s ¡;Ë�A)��� x H;JZ
� V��|���]Kµ¥q���¤£ � O'¥§���¤£ v T

OßK Z¶`L�|���]T K·¥�±��©£ � O'¥§±��©£ v T (22)
> �QV��|��� ¥§���¤£ � O'¥§���¤£ v

 ¢���¤£ � O) ¢���¤£ v O;� M´³
OßK Z¶`L�|���]T ¥§±��©£ �PO'¥§±��©£ v

 ¢±��©£ �PO) ¢±��©£ v (23)

Ë (22)� (23)
< ^��|��� �I� > � A t À;He¡ q � TCP Reno¡(ô1*328Ó�Ø � ¡ ��� �T� � ² ³8´ ¡ Ú] ¡;Û8Ü�\ ®$�y Ï s ¡ <I9;:�tu H A �{A q (tH;J

®$�QVk�W� k > � (24)

RS* ¦ �$÷3±(03ãIØ � ¡(ô1*32$ÓIØ � ¡QÛ8Ü�Ý17(08Þ�+,�� �P��� � y ��Ë (11)– (12)� (13)� (24) �F� tu H A �A q (tH;J
5 ¸º¹¼»¼½¿¾ÁÀ¡Âo8Î :8Â s ¦ y � 4

Î :8Â8Ã H1Ý17(0$Þ�+-, Ñ8Ò8�8���ô �"Ã Õ$03� H ¡(Ó!ÔQÕ×ÖB0!ÓIØ � :�< H¬�"\���v;Ä/Å��Ñ8Ò�Æ�ÇI¡)È/É�åévuç8è x H;J�À1Á�� TCP Reno � TCP
Vegas ¡1±�03ã�Ø � ¢ ¡�ä8Û8å : 9�s ¦ ¡)Ê=ËévQâ s �
TCP Vegas A)Ì8� x H!Á u ¡(Ó�Íé��ÎFv�Ï�Ð x H;JÏ s ¡��=\�� :�Â s ¦ y � ) 1 ¡�*�+F,Q.t032!4t67=v r�s �8÷FÄ_�=Y[0F� y º]»�¼ = 0.0015 [sec]�!º]¼¾½ =
0.005 [sec]� «> = 10 [Mbps]�3 ® = 1.5 [Mbps] � x H;JÀ1Á�� RED Ê1Ë�¡=�)\ y M´ÑÓÒ �«Ô = 5 [packets]�!M´ÑÓÒ¶Õ�¼ =²|Ö ×  [packets] � x H;J
5.1 FIFO ��)

3
y � FIFO Ê1Ë�v rts � TCP Reno ��� TCP Vegas ¡ôt*32�ÓIØ � � ( �@� �3�W� ) vQ���tG3�tG �W� = 5�3�W� =

5 (
)

3(a))�×�W� = 5�3�W� = 10 (
)

3(b))�×�W� = 10�×�W� =
5 (
)

3(c))
:�¨ Á×�1(�¡Q�37t03�5¡1±×+�0+2�² ³8´ �B÷±(03ã�Ø � ¡ TCP ¡;Û8Ü�Ýt7(08Þ�+-,�¡ æ)W v w©¨ Á���+0 q Ì3HQJ )'Ø8: y �$Ñ8Ò�Æ�Ç :  � ¦ Ó3ÔQÕFÖ�0ÓIØ � :�< H�Æ"Çév�Ì�¯1f ¦;w�¨�¦ s HQJ A Gé�B¡ ) ��¿� 4

Î :8Â s ¦ âS*tÁ�Ñ8Ò�¡)Æ�Ç�A;�×ô1*328Ó�Ø � �



Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� � ÿ{ô ÿ��
	©ð����òõô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(a) ��� = 5, ��� = 5.

Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(b) ��� = 5, ��� = 10.

ÙÝÛÙ
� Ù�ÛÙ
�ÛÙÜ ÙÛÙ
Ü ÝÛÙÜ�� Ù

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(c) ��� = 10, ��� = 5.)
3: FIFO Ê1Ë

Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� � ÿ{ô ÿ��
	©ð����òõô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(a) ��� = 5,��� = 5.

Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(b) ��� = 5, ��� = 10.

ÙÝÛÙ
� Ù�ÛÙ
�ÛÙÜ ÙÛÙ
Ü ÝÛÙÜ�� Ù

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(c) ��� = 10, ��� = 5.

)
4: RED Ê1Ë : �QV ����

Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� � ÿ{ô ÿ��
	©ð����òõô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(a) ��� = 5, ��� = 5.

Ù
ÚÛÙ
Ü ÙÛÙ
Ü ÚÛÙ
ÝÛÙÛÙ
ÝÛÚÛÙ
ÞÛÙÛÙ

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(b) ��� = 5, ��� = 10.

ÙÝÛÙ
� Ù�ÛÙ
�ÛÙÜ ÙÛÙ
Ü ÝÛÙÜ�� Ù

Ü Ù Ü ÙÛÙ Ü ÙÛÙÛÙ
ßà áâã
äà åã
æçèé åê
ë

ìîí�ï ï ðxñóòõô öóðø÷ ù�úÛû{üýðÛþ ÿ��

����ú�� �óÿ ô ÿ��
	©ð����ò ô  í�� úÛþýô �����
	©ð����òõô  í�� úÛþýô ����� �xð��ÛúÛÿ����ú�� �óÿ{ô ÿ�� �xð��ÛúÛÿ

(c) ��� = 10, ��� = 5.

)
5: RED Ê1Ë : �QV �� �

:�æ)W � ª�� � È=É q Ì3H A �{A1¯3�3H;J ¨ � ¨ �"! :±F+30+2�² ³8´ A)EFE s$Ù8Ú : �8Ñ8Ò�Æ�Ç�A TCP Reno¡(ô1*328ÓIØ � ¡8Ý17(0$ÞI+F,ev$# ª � TCP Vegas ¡(ô*!28Ó�Ø � ¡$Ýe7(0$ÞI+×,Bv&% ª(')K * ¦ s HQJ A G y �Ñ�Ò :8Â s ¦ y TCP Vegas ¡ ��� �D� � ² ³�´ A�Z :
1 [packet] �{�3H��	��
 ¨�¦ s HtA;�FÓ3Ô�ÕFÖ�03Ó�Ø �q y") È+* : TCP Vegas ¡(ô1*!28ÓIØ � ¡ �"� ��� � ²³8´ A 2 [packets]

Ï H : �3H A � & Ì3H!Á u �,! : ±3+0+2�² ³$´ A�EFE s�Ù8Ú : TCP Vegas ¡(ôe*328Ó�Ø � ¡Ý17(08Þ�+F,ßA-# ª �3H!Á u q Ì3H;J
À1Á��!±×+�02�² ³8´ A�U3( ª �3H�� TCP Reno ¡(ô*!2$ÓIØ � A/."Z : ö,0 : �a^�� TCP Vegas ¡tôe*!2$ÓIØ� y21 �4365(7$z�v/â � ¦ s � s A �{A1¯!�!H;J A G y �

TCP Reno ¡(ô1*328Ó�Ø � y �3Ä8ÅF+F,¶����A)�� x HÀ q��"� ��� � ² ³$´ v��� ¨ � Ã H A � :�<;¦ �!±×+0L2$v(81: ::9 s"; H A �¬A q (1He¡ ::<�¨ � TCP Vegas¡tô1*!2$ÓIØ � y �"� ��� � ² ³$´ v 1 �43=5 1 [packet]�F�@�� x H A �{A q (;� s Á u q Ì3H;J1RS* ¦ � TCP
Reno � TCP Vegas ¡(ô1*328Ó�Ø � A)!=# ¨�¦ s H�$�%q y � FIFO Ê1Ë�¡ s q y ä8Û8åév/>+? q (�� s A �{A

¯3�3H;J
5.2 RED ��)

4
y � RED Ê1Ëév rts �3Ä8ÅF+F,¶�������5v 1/30

:¨ Á Ù8Ú ¡)Æ"Çév w©¨�¦ s H;J ) �×�¿�,! : ±3+�0+2�²³8´ A)EFE s�Ù8Ú : Ó3ÔQÕ×Öe0!ÓIØ � Æ�ÇF�BÑ8Ò"Æ�Ç�A�A@ ¨�¦ s � s A �{A�¯!�3H;J A G y �!±×+�0+2�² ³8´A�E×E s�Ù8Ú : y � RED ÊeË :=< H h �Iù8�eÄ8Å×+×, �� :  � ¦ �5±×+�0+2�b3G :=< HQÄ8Å×+F,¶���IA)�� ¨¦ s H1AQ� 4
Î :8Â8Ã H{Ñ8Ò :8Â s ¦ y �3±F+�02�b3G:=< H;Ä8Å×+×,��5Ý[v�Ê,B ¨�¦ s � s Á u q Ì!H;J ¨ �¨ �!±3+�02B² ³$´ AAC � U�( s�Ù$Ú : y ��Ñ8Ò�Æ�Ç y# s"D+E ¡-F+G$Ñév w©¨�¦ s H�� s�� H;J

À1Á�� FIFO Ê1Ë (
)

3) �Bà8á x HI� TCP Reno/Vegas¢ ¡Qä8Û8åIAIH H ¨�¦ s H A �¬A�¯3�!H;J A G y � REDÊeË :�< * ¦ ±3+10�2;b!G!A��+� x H�� :QK+J ù : Ä$Å3+,¶���évuâ 9�A � :=< * ¦ � TCP Reno ¡(ô1*328Ó�Ø �¡;Û8Ü �"� �D� � ² ³8´ A)E×E ª �_^�� TCP Vegas ¡(ô*328Ó�Ø � ¡ ��� �T� � ² ³8´ : �+F x H!Á u q Ì×H;JA ¡/KLH y � RED ÊeË�¡eÄ8Å×+×, �"����v&# ª8¨ Á Ù$Ú



M
NOM
PQMOM
PQNOM
ROMOM
RONOM
SOMOM

P�TOUVMON MOW MOMOM�P MOW MOMXP MOW MXP MOW
P
YZ [\]^
Z _]
`abc _
de

Packet Dropping Probability p

fhgjilk TOmOn

fhgjilo T�pOqOr

f n�stq�u

)
6: Ä[ÅF+-,��¡�/� �i�!Ý�7�0[Þ�+F,�¡ æpW (  =

100 [packets])

M
ROM�M
vOM�M
wOM�M
xOM�M
PQMOM�M
PQROM�M
PQvOM�M

MOW MXP MOW
P P
Y \` yz
YZ [\]^
Z _]
`abc _
de

Propagation Delay τxd [sec]

{j| nO} f qO~ u � f�g�i�o TOpOqOr{�| n�} f qO~ u � fhgjilk TOmOnkj��{ � f�g�i�o TOpOqOrk���{ � fhgjilk TOmOn

)
7: �ë,/7(*�+12�� � 2!¡;µ�¶8·�¸�¹ ¢ º]¼¾½5�5Ý17�0
Þ�+F,ß¡ æ)W (  = 100 [packets])

:=< ^��+� : �!H;J ) 5
y �5Ä8Å3+F, ���"�º�5v 1/10

:¨ Á Ù8Ú ¡�Æ�Çév w�¨�¦ s HQJQ� = 1/30 ¡ Ù$Ú (
)

4) �à8á x H��Bä8Û8å�A(E�� : H H ¨�¦ s H A �{A�¯3�3H;JA G y �!Ä8Å×+F,¶������A�U�( ª �3H A � :�< ^�� TCP
Reno ¡(ô1*328Ó�Ø � ¡;Û8Ü �=� ��� � ² ³�´ A(E�� :EFE ª �3H!Á u q Ì3H;J¨ � ¨ �¬Ä$Å3+3, �"�"��v	U3( ªBx HI�ß�6:,�I¡$Ýe7t0Þ�+-,�A2% s x H Ù8Ú A�Ì3H;J ) 6

y � RED Ê1Ë�¡tÄÅ3+3, �"�"�r���¿Ýe7t0$Þ�+3,�¡ æ�W v w�¨ Á+�1�+0 q ÌHQJ A"A q ±F+10L2�² ³8´  y 100 [packets]
q Ì3HQJ )�F�¿�5Ä8Å3+F,¶�"����A1U�( ª �3HI�B� TCP Reno/Vegas¢ ¡;ä8Û8å y U�( ª&����x H & ¡$¡;�":+��¡8Ý17(0$ÞI+,ßA-% s ¨B¦ s H A �{A�¯!�3H;J1RS* ¦ ��:+��¡8Ý17t0Þ�+-,Bv/>+? ¨ ��� 9 TCP ¡1±�03ã�Ø � ¢ ¡;ä8Û8åkvH H EIf(H : y �"� ; �1Ä$Å×+F,¶���"�º�5v r(s H��,�A8Ì3H;J

5.3 TCP Vegas �2�����-���)
7
y � TCP Reno ¡(ô1*328Ó�Ø � ¡��;��Ì3H s y TCP

Vegas ¡tôe*!28Ó�Ø � ¡"�8A 5
o,� # x H Ù$Ú ¡Q�;�-,°7*I+12�� � 25¡;µ$¶8·8¸�¹ ¢ º]¼¾½¬�{Ý17(08ÞI+×,B¡ æ)Wv w©¨ Á & ¡ q Ì!H;J�±×+10+2B² ³8´  y 100 [packets]� ¨�¦ s H;J A ¡ ) �F�@� 1 ±(03ã�Ø � ¡ TCP ¡��8A �# x H Ù8Ú : y � TCP Vegas v FIFO Ê1Ë q1r(s Á Ù8ÚA [/& Ý17t08ÞI+F,ßA-# s A �¬A�¯3�3H;J A G y � TCP

Vegas
y *�+F,/.10325¡-�+�év&� - ¡-��� q j/� ¨ ���9 Ä8Å-+F,;�!Ý[v"�-� x H A �!v  �ù�� ¨e¦ s H1¡ q �

TCP Reno v r(s Á Ù8Ú < ^ & Ý17(08Þ�+F,ßA-# ª �3H

Á u q Ì!H;J8À1Á�� RED Ê1Ë :=< H;Ä$Å×+×,¶��� y �{ÄÅ×+×,��{Ý[vQj-� x H�� s 9 TCP Vegas ¡;Ç+¡Iù8��.+¢
v/£/Å(H�¤¦¥ : �3H!Á u � RED ÊtË�¡ s q TCP Vegasv r(s Á Ù8Ú y Ý17(08Þ�+-,�A-% s x H;JÏ H ¡)Æ�Ç��F�@� TCP Vegas A)Ì8� x H!Á u ¡(Ó�Íé�Î×¡�� 9 � ¨�¦ � Ï s ¡ <�9 �tÊ1û�A�Ê � �QG�H�J�À8 � TCP Vegas ¡(ô1*328ÓIØ � ��A TCP Reno

: à ¥3¦§ � s �;Ì!H s y-1,¨ §�¨ s <I9 �/� - �I� :8Â s ¦ y �
FIFO Ê1Ë�¡ s q y TCP Vegas ¡8Ý17(08Þ�+F,�A ) É :% s x H1¡ q �57(03� ( Ý ³ +ª© ) ¡1±×+�0L2 :8Â8Ã H;Ä
Å3+×, Æ8Ç$È$É-� ¨�¦ RED ÊeËév r(s HQJ5�$¡)5$� TCP
Vegas AAC � Ì8� x G6«��3Ä8ÅF+-, Æ�Ç8È8Éév FIFO ÊË :"¬©¨ �+#�Ý17�08Þ�+F,�v&�� q ((H <I9;:�x G=«��
TCP Vegas ¡$Ý � 0 ´ ��Ì8�IA�®�¯ q Ì!HI�	Ê � �/GIH;J
6 °²±=³´±+µ·¶¹¸»º½¼o$pIq y �Q�-,°71*;+�2�7t0!� :$Â s ¦ TCP Reno � TCP
Vegas ¡(ô1*328Ó�Ø � A ó � o õ � ¨�¦ s H�$�% :8Â8ÃH{� TCP ¡1±t03ãIØ � ¢ ¡Qä8Û8å :�æ8x H >,¾ vu��Ñ8Ò
���tÓ3ÔQÕFÖ�03ÓIØ � :=< * ¦ â*1Á!J5�8¡)Æ�Ç8�!7(0�5¡1±F+�0+2 :8Â8Ã H;Ä8ÅF+F, Æ8Ç8È8É�A FIFO Ê1Ë�¡Ù8Ú : y � TCP Vegas A8Ý17t08ÞI+F,À¿ q .�Z : ) 0 :
�3H A �{A�¯×��*1Á5J ÀeÁ$� RED Ê1Ëkv r(s H A � :< * ¦ � ä$Û$å�v ���Ix H A �¬A q (1HeAQ�6:,�I¡$Ýe7t0ÞI+×,;�ßä8Û8åI¡ ¢I: ,QÖ�0 � Î/05A � # ¨ �"� ; �1ÄÅF+F,¶�����év r(s H��+��A8Ì3H A �{A�¯3��*1Á5J¨ � ¨ � o8p :8Â8Ã H{Ñ8Ò8ú8û y � TCP Vegas ¡(ô1*28Ó�Ø � A1�3¹8ù : �"� ��� � ² ³8´ v 2 [packets]

Ï H: U3( ªBx H4Á+Â�Ã1� RED Ê1Ë :8Â$Ã HQ±×+10+2;b!G :< HQÄ8Å×+F,��5Ý § �,Ä+Å ¨B¦ s H�Æ � A8Ì3H5Á u � AGé�B¡-Çév;Ê+B x H A � :=< ^�Ñ8Ò�¡/È h å�v1EI� : #u Á s J$À1Á�� RED Ê1Ë :8Â$Ã H4� ; �1Ä$Å×+×,¶�"����¬¡ ü[ý Ê1Ë &�>+¾©¨�¦ s ª�É 
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