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Abstract Recently, several gateway-basedcongestioncontrol mechanismshave beenproposedto supportthe end-to-end

congestioncontrolmechanismof TCP(TransmissionControlProtocol).In this paper, we focuson RED (RandomEarly De-

tection),which is oneof promisinggateway-basedcongestioncontrolmechanisms.RED randomlydropsthearriving packet

with a probabilitybeingproportionalto its averagequeuelength(i.e., thenumberof packetsin thebuffer). However, it is un-

clearwhetherthepacketmarkingfunctionof REDis optimalor not. In thispaper, we investigatewhattypeof packetmarking

function,which determinesthepacket droppingprobability from theaveragequeuelength,is suitablefrom theviewpoint of

steadystateperformanceandtransientbehavior. By presentingseveral numericalexamples,we investigateadvantagesand

disadvantagesof threepacketmarkingfunctions:linear, concave,andconvex. Weshow thatalthoughtheaveragequeuelength

in steadystatebecomeslarger, useof the concave functionmakesthe transientbehavior of RED andthe robustnessagainst

network statuschangesbetter.

Key words Active QueueManagementMechanism,RED (RandomEarly Detection),SteadyStatePerformance,Transient

Behavior, PacketDroppingScheme
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��5�} (6) ��`�a)t0M0w���s�ü)� ° �ÊÉ �Ög �����<x ��`¤a�t)M
w���E�g @ × Ô�N�Lús�.�5&Ø�Ù�� Í�ØÚÙÒÛÊÜ )" °
) Í ö>É ÛÊÜ �¤d@ �[Ñúm�� Ý�p @ ¯�� � §0>�lHm�n��)����	���k!G�ÔmÕ�	��É�Þ � ° � Í�ØÚÙÒÛÊÜ � �ë� Í öÎÉ ÛÊÜ � ÍYØßÙÒÛÊÜ �jGáà �����Iâ]ã r¥ä�g&ÿå 5 ° � ( � " Í�ØÚÙÒÛÊÜ M�w ~ � ° ����� " Í öÎÉ ÛÊÜ M�w0�<5æ .-4)� RED Z �)? G��ç�l-*���n��<m � d
Ã�è]g @ ~��
��C�D�	0�<��é�ê¤d�Ã�ë�ì�Zúg*e�U
�<5 Ø0í zJ��Ò)Ð�m�n ( Øîíz#� ç�l�*)�0n-�/m � d�Ã )

@�\&k � �-����â�ã r�G�É 1 g�	�LV�� Ø � � í z���Ò�Ð&m0n @�\&k � �����â�ã rÇÉ 18ïAð Y-�2} (8)

G�u).[4�O�}�M P�U b LH�/5É 18ïAð " ° �ÊÉ 1 � � Í�ØÚÙ ÛÊÜÍ öÎÉ ÛÊÜ � Í�ØÚÙ ÛÊÜ (9)°Dñò° G#£��0	/L)V�� Ô }]G*ó ~ ��`/u0.���E)g @0a�~ �
ç�l
*���n��&m � d�Ãèúg @ �����Fâ]ã r)��¯�� a  @ ^���	��k�G*ôH��E�gJ��M � �<5<T�U�V0�[} (9) GòÉ 1 –É 1õïAð dö Ô M �Ð�m
nj	0��E)g @0a�~ � RED ��>�l�m�n�o�q�r!� ê G2¾��0	��w ��� RED �<�-¸-¹�÷ º-»�¼ ¹�÷ @ ¯�� a J:�|�}�G*P�U0�#k
G+I�·�	0��E�gJ��M � �/5H 2

@ �&¿[, w ��§�¨ ( w �ÊÉ � " É ) M�w���d-�-�/} (9) �/THG
Õ�	/5
H
� @ Y�����§«É 1õïøð " É 1 g&w�ù�z)4�Õ�`/4�.��&5)E<�H a�~ ��Ø�Ù�� a J:0E�g�G�ú¤�Yi���E�gJ��M � �&5û

1 ü ��¸
~� ( Ø�ýáþ )
@0\-k � RED � �����¤â]ã r
Y��

} (9) ��ÿ�§]g#��§ÇÉ 18ïAð " É 1 ���-F]g�:0�/5û
2 ü } (9) ��� � ( � É 18ïAð ��� É 1 ) ��� � .�¼�¯
	 ØAí z��0ÒÐ�m
n @�\�k������� â#ã r³É 1 @0a�¢ 4�	 Ø � � í z���Ò0Ð�mn @�\&k
������ â#ã rÇÉ 1õïøð ��� � É�C-D��  5û
3 ü � @ 	[} (9) ��� � ( � É 1õïøð ��� É 1 ) � � N<.�¼�¯�	 Ø � �í z���Ò
Ð�m
n @�\&k������� â*ã r«É 18ïAð �<C�D)Y � N<.�5û
4 ü��<¸�~�� @�\ .�4 RED � d<e������ x � ÍYØÚÙ Û=Ü ) °�)Í öÎÉ ÛÊÜ @�\ .�4�����g+:  s<ü @ Y�	j} (9) ��� � ( � É 18ïAð ��� É 1 )Y� �M�: k L�V�: b :�!�5

E���E�g�k b 	 RED ���-¸-¹�÷ \�a�Ã »�¼ ¹�÷ @ 6�!/4�	�Ø�Ù
— 3 —



� a
" :�E�g���± k  5û
1 ü } (9) � Ë ¨ ( 60v ~ 	�� � É 18ïAð �#� É �1 ) ( ) �d�	���¸�~� @�\-k$ RED � d�e%����� x � � N�É+: ~ 	 ����� â#ã r� � N�!�d�� »�¼ ¹�÷)Y�®�!���	 ����� â�ã r���� � !�d�� »¼ ¹ ÷)Y�& É#:  5û
2 ü } (9) ��§-¨ ( 60v ~ 	�� � É 18ïAð �#� É �1 " ( ) �d�	���¸�~� @�\&k� RED � d�e������ x Y Ë ¨ @<Í-Á 4�� � ÉJ:  �
	����� â#ã r @)a�b2c »�¼ ¹�÷)Y&f��]g�:  5û
3 ü } (9) ��Ê2¨ ( 60v ~ 	�� � É 18ïAð �#� É �1 G ( ) �d�	���¸�~� @�\-k$ RED � d�e%����� x ��� � É+: ~ 	 ����� â#ã r� � N�!�d�� »�¼ ¹�÷)Y�&�!���	 ����� â�ã r���� � !�d�� »¼ ¹ ÷���®!É#:  5

Ø Ô ��e�'k b 	&} (9) �«É @ ¿�`/4-M �  � k §�¨]g�: �a"2@ 	 RED ��>�l]m)nßo�q�r!� ê G+¾����  ¿�( w G À�) �[L
V�®�!�g#e�U b L  5�6�v ~ 	�O�}�M P�U b L  } (8) ��� �� ° �ÊÉ � ��� É*����(]g�:  E�g���+�v�`�!&5� ° �ÊÉ �� É " � � ± w-, �ÊÉ �� Í ö>É>Ï . / ï108- �32 ï ê54�ê ï 687:9;=<?>A@CBEDF>EGê 6 w �ÊÉ � � (10)

EH�[}
k b 	[} (8) ��� � Y�	���� ����Òún7M�Ï�c
�  TCP �
>�ç�I � ?ò� 	 TCP �
J�K�L�M
N�O�(«±�	[8��->�l�m�n7o�q-rÍ öÎÉÐÏ @)a&¢�P ¾�v  E�g��-±�k  5J� @HQ U&V�	#} (8) ��� �
Y�	 TCP J�K%L�M$NRO���¿ÀÁ ÂId Ãjµ º 	 RED Z � ? ��¶·³´ @ Y�S�T�`<:
!�E0gU��±
k �V E��
E�g/Y�	 RED � d�e����� x ° � TCP �
J�K�L�M
NUO�( @ S�T��  g�! " 	 Ó�W �
P�Q�Ä�Å [4], [8], [11] g�g�f�XH` P ! �V�ÓH¢�P 	�¿�( w G/¯� a
"�Y ¾����[L�V�®�!�kHG*e�U  d Y Y�	�M-ÒHZ)�H[�ç
I �\ g-` P Y�	�] Y TCP ��J�K
L�M$N�O�( ± Y «Mz��/L�V a !
gDe�U b L �V^ \ 	�} (9) �ÇÉ Y ¿�` P §�¨Hg ^  w Y�	�} (10) M�P�U b
L  � ° �ÊÉ � ��� É�G_� ° �ÊÉ � ��� É " � ( ��Y���( )

^ ¯
g \ � 	�`JL]G
¿�( w �ÊÉ � Y ¿��  ¸�a�±�| � }úg-` P I k V�¶�b Y�c ü  `
g���M � �Vw �ÊÉ � " E ¯�d Í öÎÉÐÏ  E ( � ¯ � ���  �feæ� � É �± � �)�.®D®

��g e � ��h Í öÎÉÐÏøÉji+�����± � � ¯6¯ � i+����� �?k - ð`�`�l�	�i+����� Y���(�l�w �V `H�[}
k b g�	/} (8) ��§-¨]g ^�a
"�Y w�m ¾����  s-ü Y Y�	 TCP �%J�K
L�M%N�OH( ± Yn%o P w�m�p�qsr z Ut�� ��w  `�g��-±k �V `#k
`�	 RED

Y TCP ���)Ð � m J K ` ^ !�s�ü�	����Hv�vHl�Y TCP ���
Ð � ( m ô  `�g���l � ^ ! V `H��s�ü�	�	�n Y Y�	�l �  �k

TCP ��J�K�L�M�N�O�(³± Y S�T�z c 	 ^ \ k
u�} (9) � ÉY ¿)` P §-¨ Y�h ! a�" ^ w�m�v u��  `�g���+]v&`�! V
�
`�l�O�Ú�l�Y�	[§-¨
	�Ê2¨�	 Ë ¨�l�w  3 w�x���¿�( w�me�U�	�`�� "�y ¯[L�� RED ��[�l�m�n7o�q�rf� ê m ¾����  ¿(]g�` P�z ` P !  k m ²�³�� �V
4. {}|}~}�}�}�}���
Ø�Ù���(�t���l���	 RED ��[����$�������}��� mU� ��� ��( w���� P 	��
�
��� " ^ 3 w�x�� � (�L�ç�������	�� ��	H¡��m�¢�£ HV

¤¦¥�§ �H¨�©����ªÊÉ¬«� É � (11)®�¯ Y ��	�°��±j��²���³}���U� ¥�§ � ^µ´ 	�°�¶·±j��²��
¸§ 	�°�¹º±»��²���¼ § � ^ HV½ ¸ § �H¨�©�¬��ª¿¾¬«�ÁÀ:±»Â$Ã ±ÄÂ�¾¬ÅEÆ � (12)`�`�l�	U°Çª3¶$ÈÉ«Ç��¸ § ��Ê�Ë m�Ì$ÍÏÎ �H[
Ð�I � \ l Ì HV uÑ�´ 	H°U����Ò�!�Ó�Ô�Õ�� � ª¿¾¬«C��Ö r ^�× m���Ø V � �ÚÙ ¸ § lÌ�ØHÛ�Ü Y ��ÕÝ Å � ��ª¿¾¬«Ý ¾¬Å  ±ª3±ÄÂ�¾¬ÅÞ«=ßÅ�à °�À:±»Â$Ã ±ÄÂ�¾ Å Æ �âá Åã À:±åä_Ã ±»Â�¾ Å�æ ª¿°�Â%±f«Ä¾ Å Â�±#ç�Æ�è ¶ Èl Ì�Ø t�é Ù�Ì�Ø�ê�ë�ì�m ° Y u�í�î�ïñð�` � Y � ´ Õ° ¶óòFôFõö#÷Ïø ÂÏ±åä h ±»Â�¾ Å ä
¾ Å h ±»Â�¾ Å¾ Å h ±»Â�¾ Å  ±ù (13)Ù�úºÍ L ØHê½ ¼ §�û ¨�©¡���ª¿¾¬«�ÁÀ Ã ±ÄÂ$ª3±ÄÂ�¾¬« Å Æ � (14)ü�ü l�ÕU°Çª3¶$ÈÉ«Ç��¼ §�û Ê�Ë m�Ì$ÍÏÎ�ýHþ Ð�ÿ�� � l Ì�ØHê uÑ%´ Õ�° Ù�� Ò�í�Ó
Ô�ÕH¡��¬ª¿¾�«=��Ö r�� × m���Ø�ê ¡�� Ù ¼ §l Ì�Ø�Û�Ü�� ��ÕÝ Å ¡��¬ª¿¾�«Ý ¾ Å  °�ª3Â�ªAª¿¾�Â ù «å¾¬«A« 	�
��ã æ °�ª¿¾RÂ%±f« Å Â%ª ¾�Â ù « ¾RÂ ù ç (15)

� Ì�Ø�� é Ù�Ì�Ø�ê�ë�ì�� ° ��� í�î�ïñð ü ��� � ´ Õ° ¹óòFôFõö#÷Ïø ù Â ù ¾�ä
¾ Å±»Â ù ¾�ä
¾ Å  ù (16)Ù�úºÍ��ºØHê� � Õ�íºð ��� û�� × � ��� í�î�Õ RED û þ �º�$�Ú������ ���R� ��ý
Ø � �"! Ù Õ�� � ( ¥�§ ) Õ�� � ( ¸ § ) ÕH¡ � ( ¼ § ) û Ô
��Ù�# Ñ � í �$�&%�'�ý�ØHê Ñ&( Õ RED û�)�* þ Ð%ÿ�� ��+ �,$- �$�/.��10 û32 ��465 þ Ð�ÿ7� � � Õ�8 1 û �69 ��: �s�Û ² û Õ�¾<; –¾=;?>A@CB�D � +�E Ø�FHG �6I�J�� û ��K �ML
ýHê�N
2 Õ N 3 Õ N 4 Ù Õ RED û þ �$���������·� �O������ý�Ø � � � ÕP ��Q�� � � ( ¥�§ ) Õ�� � ( ¸ § ) ÕH¡ � ( ¼ § ) ����Û ² û�R�S � Ì´ Õ�° û × � 0.5Õ 1.0Õ 1.5 �&T�UWVYX î�í Ø�ê�N�Z�� ��Õ�[ ¥¾<; _¾=;?>A@]\ Ì�Î�X î Ls� î
í ØHê

^
1 _M`Ma�bdc�e�fhgYi�j�khl/mndoqpsrut RED öYvMw�f&x&yz` 50 [packet]n&{}| rut RED öYv�~�f&x&yz` 100 [packet]n�{}|�� RED öYv�~�iM�������M�M� 0.1�
RED öY�����M� 1.25 [packet/ms]� TCP ö��/���M�M�M����� 10 [ms]�

TCP �����&���O�Y_ 10 [ms]�
TCP( �d�M �¡�¢H� ) öhi�j�kdlMm 1

— 4 —



£
2 | ; –| ;?>A@]¤�¥�¦�§�¨�©�ª�« lH¬����ö�®�¯ ( ° � ( ±�² ), ³�´µ�¶ ·�¸º¹»¶ µ�¸¼¹»¶ ·

)

£
3 | ; –| ;?>A@½¤7¥3¦ §�¨�©�ªM« lH¬&���ö7®�¯ ( ¾ � ( ¿�² ), ³À´µ�¶ ·�¸º¹»¶ µ�¸¼¹»¶ ·

)

N 2 � ´ Õ RED û þ�ÁWÂÄÃ �����ñ��� �R����ý�Ø � � ��� î��� ( ¥�§ ) ��� í Û ¨�©%Õ�° û × Ù�� Ò_ð �%Ø7����� Õ RED û
BHÅ F�G �/Æ ( [ ¥ ¾<;Cs¾<;Ç>A@ � û�È7É ) Ù � Ò$ð �6Ê î�í Ø ü��Ù�Ë �%Ø�ê Ñ Û Õ F�G �3I&J�� ¾<; Ù Ö V í�² � Õ ì (9) û�ÌÒ (
Ý ¾<;Ç>C@¼Í Ý ¾<; ) ÙHÎ1�H�ÄÊ î�í Ø ü �UÙHË��sØ�ê�Ï�Ð Õ FHG �

IMJ�� ¾<; Ù3� Ò�í�² ��Ñ Õ ì (9) û × Ù Ó�Ò 0 ���ÓÊ î�í Ø�êü �6ÑH� Ñ%´ Õ F�G �3I&J�� Ù Ö V í�Ô�Õ � Ñ Õ RED Ù�þ�ÁWÂ
Ã�� ��� ý
Ø ü ��� � ´ Õ FHG �/Æ ÙHÎHÖ6��T ×�ý�Ø ü ����ØÙ � î�í ØHê�Ï�Ð Õ F�G ��I&J�� Ù � Ò�í/Ô Õ � Ñ Õ RED û þ
ÁÄÂ6Ã ����� � � Í ( Õ F�G �/Æ Ù�Î�Ö3�ÛÚ�ÜÞÝ rqt ( F�G ��I�J��Ù 0) ��ßHà�ý�Ø ü �H��Ø Ù � î
í Ø�ê

RED û þ�Á$Â1Ã �����µ��� ������ý�Ø � � ��� î �¬� ( ¸ § ) �
� í Û ¨�©
Õ ì (9) û7Ì Ò (

Ý ¾<;Ç>C@¼Í Ý ¾<; ) ÙHáHâ3���H��Ø ( N 3) êü û N � ´ Õ�° û × Ù�� Ò_ð ��Ø ( ¸ §�û Ê�Ë Ù�� Ò_ð �
Ø ) �
��� î
Õ RED û B3Å F G ��Æ Ù6� Ò�ð �$Ø ü ��Ù�Ë3��Ø�ê ÑÛ Õ N 2 ��ã ä
ý�Ø�� Õ ì (9) Ù � ´ [ ¥ ��å ð �1Ê î
í Ø ü��ÙHË��sØ�ê ü � � ´ Õ RED û þ�ÁÀÂÓÃ ��� Ù RED û FHG �
Æ ��æ�£
Ø/çHè6Ñ Õ FHG ��IMJ�� û � Ö ��Ì Ñ$´½é�ê ��� í ü��ÙHË��$Ø�ê
V�Í�� N 4 � Õ RED û þ�ÁÀÂÓÃ �����ñ��� �U����ý�Ø � � �� î ¡�� ( ¼ § ) ��� í Û ¨�© û ÕH¾ ; –¾ ;Ç>C@ B�D � +�E Ø�FHG �
I/J�� û ��K �/L%ýHê ü û N � ´ Õ FHG �1I�J�� Ù Ö V í�²�Õì (9) û�Ì Ò (

Ý ¾ ;Ç>C@ Í Ý ¾ ; ) Ù�ë ì1��Î1�H�ÄÊ î�í Ø ü �UÙ�Ë��

£
4 | ; –| ;?>A@]¤�¥ ¦�§�¨�©�ªM« lH¬d���ö�®�¯ ( í � ( î�² ), ³W´µ�¶ ·�¸¼¹»¸¼¹»¶ ·

)
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£
5 TCP �&���Y���ò��_ �ôó ªh« l�¬½���õ&®�¯ ( ° � ( ±&² ), ³&´ ¹ )

ØHê Ñ Û Õ�° û × Ù Ö V ð ��Ø ( ¼ §�û Ê�Ë Ù�� Òsð �
Ø ) �H�
� î�Õ ì (9) û�Ì Ò Ù � ´ ÎÄ�H�ÓÊ î�í Ø ü �UÙ Ë��sØ�ê�� Ñ´ Õ RED û þ�ÁWÂÓÃ �����ñ��� �*� ��ý�Ø � � ��� î ¡�� ( ¼ § )

��� í Û ¨�©�Õ F�G ��I&J�� Ù Ö V í/Ô�Õ � Ñ Õ RED û F�G �
Æ ÙHÎ�Ö6��TH×
ý�Ø ü ����Ø Ù � î
í Ø�ê� � Õ RED û þ�ÁÀÂÓÃ ��������� �R� ��ý%Ø � �ö! ��� î
Õ��� ( ¥�§ ) Õ��¬� ( ¸ § ) Õ�¡�� ( ¼ § ) ��� í Û ¨�© � Õ TCP ÷ - 02Óø/ù��%û T�×Ó� � Ê î
Õ RED û ��ì�ú�û�â3ü�ý�ú�û�Ù Ô û�19 ��ç èþ��ÿ E Ø��W�ML
ý�ê ÑM( Õ���� ( ¥�§ ) ��� í Û ² û Õ
TCP ÷ - 0 2Óø/ù���� ��FHG �ÓI�J�� û �HK ��N 5 �HL�ýHêü�ü � Ñ Õ TCP ÷ - 0 2Óø�ù���� � 1–20

Ñ � THU$VYX Õ P ���� û þ Ð%ÿH� � ��� í�î Ñ 8 1 û × ��� í�î%í Ø�ê 3. � ���� Û ��9 � Õ N�Z û�	�¥ � Õ�¾ ; –¾ ;?>A@ B�D Ù È�
 ý�Ø 	R¥ Ù Õ
��ì Ô�Õ � +�E Ø RED û B Å F G ��Æ �MØ Ù � î�í ØHê ü ûü �/�ºÍ Õ TCP ÷ - 0 2ÓøMù���� Ù�� Ò_ð �%Ø7� ��� Õ � ì
Ô Õ � +7E Ø RED û B�Å F�G ��Æ Ù � Ò$ð ��Ø ü ��Ù�Î �$Ø�ê
ú1� Õ � Ù�� Ò�í�²%� ´ \�Õ � Ù Ö V í�² û Ó 9 Ù Õ TCP ÷- 0 2Óø/ù���û TH×�Ù BHÅ F G ��Æ ��æ�£%Ø/çHè�Ù � Ò�í ü �Ù�Î3�sØ�ê1V�Í�� Õ TCP ÷ - 0 21ø/ù���� Ù3� Ò�ð �%Ø7� �
� Õ ì (9) û�Ì Ò (

Ý ¾ ;Ç>C@ Í Ý ¾ ; ) Ù�á â6�3� �ÄÊ î�í Ø ü �RÙ�Î
�$Ø�ê ü �ÓÑ Õ TCP ÷ - 0 21ø�ù�� ÙHTH×�ý��� Õ P �Ä�����î RED û ü�ýHúHû�ÙHT U�ý�Ø ü ����Ø Ù � î�í Ø�ê
N 6 Ñ Õ RED û þ�ÁÄÂ3Ã �����·��� ������ý�Ø � � ! ��� î�Õ
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£
6 TCP �&�/�h���]�z_ �ôó ªd« lM¬½���õ�®�¯ ( ¾ � ( ¿O² ), ³d´ ¹ )
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7 TCP �&�M�d��� ��_ �ôó ªY« lM¬]d��õh®Y¯ ( í � ( îz² ), ³d´ ¹ )

�¬� ( ¸ § ) ��� í Û ² û�R�S � Ì
Ø�ê RED û þ Á$ÂÄÃ �����}���
�R� ��ý
Ø � �"! � � � ( ¸ § ) ����Û ��� Ñ Õ N 5 �����Hþ Ðÿ�� � ��� í�î�í Ø�ê ü û N���Í Õ � � ! ��� î �¬� ( ¸ § ) �
� í Û ¨�©%Õ ì (9) û�Ì Ò (

Ý ¾ ;?>A@ Í Ý ¾ ; ) Ù Õ TCP ÷ - 0 21ø/ù
� Ó ��� Ô éHê � î
í � í ü ��ÙHË��%Ø�ê3V�Í�� Õ N 5 �����
� Õ TCP ÷ - 0 2�ødù���� Ù � Ò%ð ��Ø����M� Õ �Hì Ô�Õ � +E Ø RED û B�Å F G ��Æ Ù�� Ò_ð �ÄÊ î
í Ø�ê
���s� Õ REDû B Å F G ��Æ Ñ Õ TCP ÷ - 0 2ÓøMù���� ���_� î�Õ�Ó�Ò ¥§ � �"!s� î
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