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7&3#&RQJHVWLRQ#&RQWURO

7&3#7DKRH
7&3#5HQR
7&3#9HJDV

,QWHUQHW#&RQJHVWLRQ#&ROODSVH
� ,Q#WKH#ODWH#;3V/#WKH#,QWHUQHW#VXIIHUHG#D#
FRQJHVWLRQ#FROODSVH

+RVW

+RVW

+RVW

&RQJHVWLRQ$
3DFNHW#GURSV$$

'DWD.#5HWUDQVPLVVLRQV

0RUH#'URSV$$$

&ROODSVH

:K\#LV#7RGD\¶V#7RSLF#
,PSRUWDQW"

7KH#DOJRULWKP#IRU#7&3#FRQJHVWLRQ#
FRQWURO#LV#WKH#PDLQ#UHDVRQ#ZH#FDQ#

XVH#WKH#,QWHUQHW#VXFFHVVIXOO\#WRGD\#
GHVSLWH#ODUJHO\#XQSUHGLFWDEOH#XVHU#

DFFHVV#SDWWHUQV#DQG#GHVSLWH#
UHVRXUFH#ERWWOHQHFNV#DQG#

OLPLWDWLRQV1#:LWKRXW#7&3#FRQJHVWLRQ#
FRQWURO/#WKH#,QWHUQHW#FRXOG#KDYH#

EHFRPH#KLVWRU\ D#ORQJ#WLPH#DJR1

5HVRXUFH#0DQDJHPHQW#
6ROXWLRQV

� +DQGOLQJ#FRQJHVWLRQ
� SUH0DOORFDWH#UHVRXUFHV#VR#DV#WR#DYRLG#FRQJHVWLRQ#/
� FRQWURO#FRQJHVWLRQ#LI#+DQG#ZKHQ,#LV#RFFXUV#-

� 7ZR#SRLQWV#RI#LPSOHPHQWDWLRQ
� URXWHUV#LQVLGH#WKH#QHWZRUN#+TXHXLQJ#GLVFLSOLQH,#/
� KRVWV#DW#WKH#HGJHV#RI#WKH#QHWZRUN#+WUDQVSRUW#SURWRFRO,#-

Destination
1.5-Mbps T1 link

Router

Source
2

Source
1

100-Mbps FDDI

10-Mbps Ethernet

3UREOHP#ZLWK#;3V#7UDQVSRUW#
3URWRFRO#+(DUO\#7&3,

� 7KH#FRQQHFWLRQ#IORZ#UDWH#GRHV#QRW#GHSHQG#
RQ#WKH#OHYHO#RI#FRQJHVWLRQ#LQ#WKH#QHWZRUN

� 7KH#;3V#TXHVWLRQ#ZDV=#+RZ#WR#UH0GHVLJQ#
7&3#WR#VHQG#OHVV#WUDIILF#ZKHQ#WKH#QHWZRUN#
JHWV#FRQJHVWHG"
� +RZ#WR#GHWHFW#FRQJHVWLRQ"
� +RZ#WR#PDNH#IORZ#UDWH#VHQVLWLYH#WR#FRQJHVWLRQ#
OHYHO"

'HWHFWLQJ#&RQJHVWLRQ
� 3DFNHW#GURSV#LQGLFDWH#FRQJHVWLRQ

� ,V#WKDW#UHDOO\#WUXH"
� :K\#GRHV#LW#ZRUN"

6UF 'VW

3DFNHW

$FN
'URS

7LPHRXW$#1R#$FN#
 #&RQJHVWLRQ$
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&RQWUROOLQJ#&RQJHVWLRQ#± 7KH#
(IIHFW#RI#:LQGRZ#6L]H

� 1RWH#WKDW#VHQGHU¶V#ZLQGRZ#LV#HTXDO#WR#WKH#
QXPEHU#RI#VHQGHU#SDFNHWV#LQ#IOLJKW#+LQ#WKH#
QHWZRUN,1#:K\"

$#:LQGRZ¶V#ZRUWK#RI#SDFNHWV

;#DFNV

:LQGRZ

;#PRUH#SDFNHWV

6RXUFH####################################'HVWLQDWLRQ

&RQWUROOLQJ#&RQJHVWLRQ

� 5HGXFH#ZLQGRZ#Æ OHVV#SDFNHWV#LQ#WKH#
QHWZRUN

� ,QFUHDVH#ZLQGRZ#Æ PRUH#SDFNHWV#LQ#WKH#
QHWZRUN

� ,GHD=#&RQFHSW#RI#D#FRQJHVWLRQ#ZLQGRZ ±
ZLQGRZ#LV#VPDOOHU#ZKHQ#FRQJHVWLRQ#LV#
ODUJHU#DQG#YLFH#YHUVD

9DQ#-DFREVRQ¶V#&RQJHVWLRQ#
&RQWURO

� 9DQ#-DFREVRQ#+IRUPHUO\#&,6&2#&KLHI#
7HFKQLFDO#2IILFHU#± QRZ#D#VWDUWXS#
IRXQGHU,#LQWURGXFHG#FRQJHVWLRQ#FRQWURO#
LQWR#7&3#LQ#4<;;04<;<1

� 7KH#RULJLQDO#YHUVLRQ#RI#7&3#WKDW#
LPSOHPHQWV#9DQ#-DFREVRQ¶V#FRQJHVWLRQ#
FRQWURO#LV#NQRZQ#DV#7&3#7DKRH1#

(OHPHQWV#RI#&RQJHVWLRQ#
&RQWURO#LQ#7&3#7DKRH

� $GGLWLYH#LQFUHDVH/#PXOWLSOLFDWLYH#
GHFUHDVH

� 6ORZ#VWDUW
� )DVW#UHWUDQVPLW

$GGLWLYH#,QFUHDVH/#
0XOWLSOLFDWLYH#'HFUHDVH

� (DFK#WLPH#D#SDFNHW#GURS#RFFXUV/#VODVK#
ZLQGRZ#VL]H#LQ#KDOI#+PXOWLSOLFDWLYH#
GHFUHDVH,
� 0XOWLSOLFDWLYH#GHFUHDVH#LV#QHFHVVDU\#WR#DYRLG#
FRQJHVWLRQ

� :KHQ#QR#ORVVHV#DUH#REVHUYHG/#JUDGXDOO\#
LQFUHDVH#ZLQGRZ#VL]H#+DGGLWLYH#LQFUHDVH,

$,0'#+FRQW,

� ,Q#SUDFWLFH=#LQFUHPHQW#D#OLWWOH#IRU#HDFK#$&.
Increment = (MSS*MSS)/CongestionWindow

CongestionWindow += Increment

Source Destination

…

� $OJRULWKP
� LQFUHPHQW#CongestionWindow E\#
RQH#SDFNHW#SHU#577#+OLQHDU#LQFUHDVH,

� GLYLGH#CongestionWindow E\#WZR#
ZKHQHYHU#D#WLPHRXW#RFFXUV#
+PXOWLSOLFDWLYH#GHFUHDVH,
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$,0'#+FRQW,
� 7UDFH=#VDZWRRWK#EHKDYLRU

60
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10.0

3UREOHPV#
� :KDW#VKRXOG#WKH#ZLQGRZ#VL]H#EH

� ,QLWLDOO\"
� 8SRQ#SDFNHW#ORVV#DQG#WLPHRXW"

� 3HVVLPLVWLF#ZLQGRZ#VL]H"#+H1J1/#4,
� $GGLWLYH#LQFUHDVH#LV#WRR#VORZ#LQ#UDPSLQJ#XS#
ZLQGRZ#VL]H#± VKRUW#FRQQHFWLRQV#ZLOO#QRW#
IXOO\#XWLOL]H#DYDLODEOH#EDQGZLGWK

� 2SWLPLVWLF#ZLQGRZ#VL]H"
� /DUJH#LQLWLDO#EXUVW#PD\#FDXVH#URXWHU#TXHXH#
RYHUIORZ#

6ORZ#6WDUW

� 2EMHFWLYH=#GHWHUPLQH#WKH#DYDLODEOH#
FDSDFLW\#TXLFNO\

� ,GHD=
� 8VH#CongestionThreshold DV#DQ#
RSWLPLVWLF#CongestionWindow HVWLPDWH

� EHJLQ#ZLWK#CongestionWindow  #4#
SDFNHW

� GRXEOH#CongestionWindow HDFK#577#
+LQFUHPHQW#E\#4#SDFNHW#IRU#HDFK#$&.,

� :KHQ#CongestionThreshold LV#
FURVVHG/#XVH#DGGLWLYH#LQFUHDVH#

Source Destination

…

6ORZ#6WDUW#,OOXVWUDWLRQ

$VVXPH#WKDW#
CongestionThreshold = 8

cwnd = 1

cwnd = 2

cwnd = 4

cwnd = 8

cwnd = 9

cwnd = 10

3
5
7
9
;
43
45
47

W 
3

W 
5

W 
7

W 
9

Roundtrip times
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(in
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ts
)

threshold

)LJXUHV#E\#-RUJ#/LHEHKHUU

6ORZ#6WDUW#+FRQW,

� 8VHG«
� ZKHQ#ILUVW#VWDUWLQJ#FRQQHFWLRQ
� ZKHQ#FRQQHFWLRQ#JRHV#GHDG#ZDLWLQJ#IRU#WLPHRXW

� 5HDO#7&3#7UDFH
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)DVW#5HWUDQVPLW

� 3UREOHP=#FRDUVH0JUDLQ#
7&3#WLPHRXWV#OHDG#WR#
LGOH#SHULRGV

� )DVW#UHWUDQVPLW=#
� 6HQG#DQ#DFN RQ#HYHU\#
SDFNHW#UHFHSWLRQ

� 6HQG#GXSOLFDWH#RI#ODVW#
DFN ZKHQ#D#SDFNHW#LV#
UHFHLYHG#RXW#RI#RUGHU

� 8VH#GXSOLFDWH#$&.V#WR#
WULJJHU#UHWUDQVPLVVLRQ

Packet 1

Packet 2

Packet 3

Packet 4

Packet 5

Packet 6

Retransmit
packet 3

ACK 1

ACK 2

ACK 2

ACK 2

ACK 6

ACK 2

Sender Receiver
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7&3#5HQR#DQG#)DVW#5HFRYHU\

� 6NLS#WKH#VORZ#VWDUW#SKDVH
� 6R#GLUHFWO\#WR#KDOI#WKH#ODVW#VXFFHVVIXO#

CongestionWindow
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5HFDS#RI#&RQJHVWLRQ#&RQWURO
� 7&3#5HQR#DQG#LWV#GHULYDWLYHV#DUH#PRVW#ZLGHO\#
XVHG#WRGD\
� 3HUIRUPDQFH#LVVXH=#WU\#WR#DYRLG#IRUFLQJ#WKH#VRXUFH#
WR#JR#WR#VORZ0VWDUW#+:K\",#

� 6RXUFH#JRHV#WR#VORZ0VWDUW#LQLWLDOO\#DQG#XSRQ#
WLPHRXWV#+ZKDW¶V#WKH#UDWLRQDOH#IRU#WKDW",

� 6RXUFH#FXWV#FRQJHVWLRQ#ZLQGRZ#LQ#KDOI#XSRQ#D#IDVW#
UHWUDQVPLW#+ZK\#QRW#JR#WR#VORZ#VWDUW",

� 6LQJOH#SDFNHW#GURSV#FDQ#EH#FDXJKW#E\#WKH#IDVW#
UHWUDQVPLW2IDVW#UHFRYHU\#DOJRULWKP#± VRXUFH#GRHV#
QRW#JR#WR#VORZ#VWDUW#+:K\",

� 0XOWLSOH#FRQVHFXWLYH#SDFNHW#GURSV#ZLOO#PRVW#OLNHO\#
IRUFH#WKH#VRXUFH#LQWR#VORZ#VWDUW#+ZK\",#

6HOI#&ORFNLQJ#DQG#6ORZ#6WDUW
� (DFK#SDFNHW¶V#WUDQVPLVVLRQ#LV#³FORFNHG´#E\#DQ#
$&.#± QR#EXUVWV#GHYHORS

: 4####: 5###: 7####: 8####: 9####: :

6ORZ#6WDUW

«

6HOI#&ORFNLQJ#LQ#2SHUDWLRQ
� (DFK#SDFNHW¶V#WUDQVPLVVLRQ#LV#³FORFNHG´#E\#DQ#
$&.#± QR#EXUVWV#GHYHORS

: 65

««

6HOI#&ORFNLQJ#,QWHUUXSWHG
� 'XULQJ#WLPHRXWV/#$&.V#DUH#GUDLQHG#IURP#WKH#
QHWZRUN1#6HOI#FORFNLQJ#LV#LQWHUUXSWHG1#1H[W#
WUDQVPLVVLRQ#FDXVHV#D#EXUVW1#+HQFH/#VORZ#VWDUW$

: 65

««
/RVW

7LPHRXW
5HWUDQVPLVVLRQ

$FN65

49#SDFNHW#EXUVW

&XW#ZLQGRZ#LQ#425

$&.V
'UDLQHG$$

6HOI#&ORFNLQJ#DQG#)DVW#
5HWUDQVPLW#2#)DVW#5HFRYHU\

� :KHQ#IDVW#UHWUDQVPLW#LV#XVHG/#WKH#SDFNHW#LV#
UHWUDQVPLWWHG#EHIRUH#DOO#$&.V#DUH#GUDLQHG1#6ORZ#
VWDUW#LV#QRW#QHHGHG

: 65

««
/RVW

)DVW
5HWUDQVPLVVLRQ

&XW#ZLQGRZ#LQ#425
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7DKRH25HQR#
5HWUDQVPLVVLRQ#7LPHUV

� 7KH#UHWUDQVPLVVLRQ#WLPHUV#DUH#VHW#EDVHG#RQ#URXQG0
WULS#WLPH#+577,#PHDVXUHPHQWV#WKDW#7&3#SHUIRUPV

�#-RUJ#/LHEHKHUU

SNW4
DFN5

SNW5#SNW6#SNW7

DFN8

SNW8#SNW9#SNW: DFN;

5RXQG07ULS#7LPH#
0HDVXUHPHQWV

� 7&3#XVHV#577#PHDQ#DQG#YDULDQFH#HVWLPDWRUV/#FDOOHG#
VUWW DQG#UWWYDU=
VUWWQ.4  #α 577##.#+40 α ,#VUWWQ
UWWYDUQ.4  #β +#_#577#0 VUWWQ.4 _#,#.#+40 β ,#UWWYDUQ

� 572#LV#VHW#WR#WKH#PHDQ#577#SOXV#IRXU#WLPHV#WKH#
HVWLPDWHG#577#YDULDQFH1
572Q.4  VUWWQ.4 .#7 UWWYDUQ.4

3UREOHP
� ,I#D#VHJPHQW#LV#UHWUDQVPLWWHG/#7&3#FDQ¶W#
FRPSXWH#WKH#5771
� :K\"

SNW4 SNW4
DFN5

.DUQ¶V#$OJRULWKP

� 'RQ¶W#XSGDWH#577#RQ#DQ\#VHJPHQWV#WKDW#
KDYH#EHHQ#UHWUDQVPLWWHG1

� :KHQ#7&3#UHWUDQVPLWV/#VHW=
572Q.4  #PD[#+#5#572Q/#97,

&RQJHVWLRQ#$YRLGDQFH
� 7&3¶V#VWUDWHJ\

� FRQWURO#FRQJHVWLRQ#RQFH#LW#KDSSHQV
� UHSHDWHGO\#LQFUHDVH#ORDG#LQ#DQ#HIIRUW#WR#ILQG#WKH#SRLQW#
DW#ZKLFK#FRQJHVWLRQ#RFFXUV/#DQG#WKHQ#EDFN#RII

� $OWHUQDWLYH#VWUDWHJ\
� SUHGLFW#ZKHQ#FRQJHVWLRQ#LV#DERXW#WR#KDSSHQ
� UHGXFH#UDWH#EHIRUH#SDFNHWV#VWDUW#EHLQJ#GLVFDUGHG
� FDOOHG#FRQJHVWLRQ#DYRLGDQFH

� 7ZR#SRVVLELOLWLHV#
� URXWHU0FHQWULF=#'(&ELW#DQG#5('#*DWHZD\V#
� KRVW0FHQWULF=#7&3#9HJDV#

7&3#9HJDV

� 8VHV#FRQJHVWLRQ#DYRLGDQFH#LQVWHDG#RI#
FRQJHVWLRQ#FRQWURO
� 9HJDV=#&RQJHVWLRQ#DYRLGDQFH= 3UHGLFW#DQG#
DYRLG#FRQJHVWLRQ#EHIRUH LW#RFFXUV

� 7DKRH/#5HQR=#&RQJHVWLRQ#FRQWURO= 5HDFW#WR#
FRQJHVWLRQ#DIWHU LW#RFFXUV

� 4XHVWLRQ=#+RZ#WR#SUHGLFW#FRQJHVWLRQ"
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7&3#9HJDV

� ,GHD=#VRXUFH#
ZDWFKHV#IRU#VRPH#
VLJQ#WKDW#URXWHU¶V#
TXHXH#LV#EXLOGLQJ#
XS#DQG#FRQJHVWLRQ#
ZLOO#KDSSHQ#WRR>#
H1J1/
� 577#JURZV
� VHQGLQJ#UDWH#
IODWWHQV
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2.0 2.5 3.0 3.5 5.0 5.5 6.0 7.0 7.5 8.5

2EVHUYDWLRQ
� 3DFNHW#DFFXPXODWLRQ#LQ#WKH#QHWZRUN#FDQ#EH#
LQIHUUHG#E\#PRQLWRULQJ#577#DQG#VHQGLQJ#UDWH#

%RWWOHQHFN#/LQN2YHUORDGHG
5RXWHU

6HQGLQJ#5DWH

FZQG

6HQGLQJ#5DWH# #FZQG 2#577

$OJRULWKP#

� /HW#BaseRTT EH#WKH#PLQLPXP#RI#DOO#PHDVXUHG#577V#
+FRPPRQO\#WKH#577#RI#WKH#ILUVW#SDFNHW,

� ,I#QRW#RYHUIORZLQJ#WKH#FRQQHFWLRQ/#WKHQ
ExpectRate = CongestionWindow/BaseRTT

� 6RXUFH#FDOFXODWHV#ActualRate RQFH#SHU#577
� 6RXUFH#FRPSDUHV#ActualRate ZLWK#ExpectRate

Diff = ExpectedRate - ActualRate
if Diff < αααα

increase CongestionWindow linearly
else if Diff > ββββ

decrease CongestionWindow linearly
else

leave CongestionWindow unchanged

$OJRULWKP#+FRQW,

� 3DUDPHWHUV
− αααα  #4#SDFNHW
− ββββ  #6#SDFNHWV
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&RQJHVWLRQ#$YRLGDQFH#LQ#WKH#
1HWZRUN#/D\HU=#'(&ELW

� ,Q#WKH#QHWZRUN=
� 5RXWHU#FRPSXWHV#DYHUDJH#TXHXH#OHQJWK
� ,I#DYHUDJH#!#4/#VHW#FRQJHVWLRQ#ELW#LQ#SDFNHW#KHDGHU

� 'HVWLQDWLRQ#FRSLHV#FRQJHVWLRQ#ELW#RQWR#WKH#$&.
� 2Q#WKH#VRXUFH=

� 6RXUFH#PDLQWDLQV#D#VOLGLQJ#ZLQGRZ#+DV#LQ#7&3,1
� ,I#OHVV#WKDQ#83(#RI#WKH#$&.V#LQ#ODVW#ZLQGRZ#KDYH#
FRQJHVWLRQ#ELW#VHW/#LQFUHDVH#ZLQGRZ#E\#41

� ,I#PRUH#WKDQ#83(#RI#WKH#$&.V#KDYH#FRQJHVWLRQ#ELW#VHW/#
VKULQN#ZLQGRZ#WR#31;:8#RI#LWV#FXUUHQW#VL]H1#

'(&ELW

� &RPSXWLQJ#WKH#DYHUDJH#TXHXH#OHQJWK
� $YHUDJH#FDUULHG#RXW#RYHU#ODVW#EXV\.LGOH#LQWHUYDOV#
SOXV#WKH#FXUUHQW#EXV\#LQWHUYDO

Queue length

Current
time

Time
Current

cycle
Previous

cycle
Averaging
interval



:

&RQJHVWLRQ#$YRLGDQFH#LQ#5('

� 6RXUFH=
6DOO\#)OR\G#DQG#9DQ#-DFREVRQ/ ³5DQGRP#
(DUO\#'HWHFWLRQ#*DWHZD\V#IRU#&RQJHVWLRQ#
$YRLGDQFH/´#,(((2$&0#7UDQVDFWLRQV#RQ#
1HWZRUNLQJ/ 9RO1#4/#1R1#7/#SS1#6<:0746/#
$XJXVW#4<<61

5DQGRP#(DUO\#'HWHFWLRQ#+5(',

� 1RWLILFDWLRQ#LV#LPSOLFLW#
� MXVW#GURS#WKH#SDFNHW#+7&3#ZLOO#WLPHRXW,
� FRXOG#EH#PDGH#H[SOLFLW#E\#PDUNLQJ#WKH#SDFNHW

� (DUO\#UDQGRP#GURS
� UDWKHU#WKDQ#ZDLW#IRU#TXHXH#WR#EHFRPH#IXOO/#GURS#HDFK#
DUULYLQJ#SDFNHW#ZLWK#VRPH#GURS#SUREDELOLW\#ZKHQHYHU#
WKH#TXHXH#OHQJWK#H[FHHGV#VRPH#GURS#OHYHO

5('#'HWDLOV
� &RPSXWH#DYHUDJH#TXHXH#OHQJWK

AvgLen = (1 - Weight) * AvgLen + Weight * SampleLen

3#?#Weight ?#4#+XVXDOO\#31335,
SampleLen LV#TXHXH#OHQJWK#HDFK#WLPH#D#SDFNHW#DUULYHV

MaxThreshold MinThreshold

AvgLen

5('#'HWDLOV#+FRQW,

� 7ZR#TXHXH#OHQJWK#WKUHVKROGV

if AvgLen <= MinThreshold then
enqueue the packet

if MinThreshold < AvgLen < MaxThreshold 
then

calculate probability P
drop arriving packet with probability P

if ManThreshold <= AvgLen then 

drop arriving packet

5('#'HWDLOV#+FRQW,

� &RPSXWLQJ#SUREDELOLW\#3#+ILUVW#SDVV,=
P = MaxP * (AvgLen - MinThreshold)/ 

(MaxThreshold - MinThreshold)

� 'URS#3UREDELOLW\#&XUYH
P(drop)

1.0

MaxP

MinThresh MaxThresh

AvgLen

5('#'HWDLOV#+FRQW,

� 3UREOHP#ZLWK=
P = MaxP * (AvgLen - MinThreshold)/ 

(MaxThreshold - MinThreshold)

� 'URS#SUREDELOLW\#LV#LQVHQVLWLYH#WR#WLPH#VLQFH#ODVW#
GURS#± WZR#RU#PRUH#GURSV#PD\#RFFXU#EDFN#WR#EDFN#
IRUFLQJ#WKH#VRXUFH#LQWR#VORZ#VWDUW

� ,PSURYHPHQW=
TempP = MaxP * (AvgLen - MinThreshold)/ 

(MaxThreshold - MinThreshold)

3# #7HPS32+4#± FRXQW-7HPS3,



;

5,2=#5('#ZLWK#,Q#DQG#2XW

� 3DFNHWV#IDOO#LQWR#WZR#FDWHJRULHV
� ,Q#SURILOH#+KLJK#SULRULW\,
� 2XW#RI#SURILOH#+ORZ#SULRULW\,1

� 2XW#SDFNHWV#DUH#GURSSHG#ILUVW


