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Abstract In this paper, we propose a novel analytic approach for a closed-loop network with multiple feedback loops by
extending the analytic model proposed in [1]. Specifically, we model building blocks of a network (i.e., the congestion con-
trol mechanism of TCP, propagation delay of a transmission link, and the buffer of a router) by independent continuous-time
systems. By interconnecting these systems, we obtain the model for the entire closed-loop network. We also obtain a block
diagram for each continuous-time system using the CAD tool for control engineering. We then perform several preliminary
performance evaluations of a closed-loop network using numerical simulations. Moreover, we validate the effectiveness of our
analytic approach by comparing our analytic results with simulation results.

Key words TCP (Transmission Control Protocol), Closed-loop Network, Steady State Analysis, CAD Tool for Control En-

gineering

1 0000

ggobobooooboooobbuooooboboooobo
gooooobboooobobooooboooobooobooboo
0000000oo000oOoooooooooooonod2000
glo0000o0bDi100b000bOOoO0ObOObDOo2000 2002
000000 1os8oo00 000000200000 20000
000 200000000000 00000000O0O0oOO
gobooOoooOoobobogoies7y0ioooobO 100000
doooooooogozo0200000000 7ooooOOOd
00000000 @UUooooooooooooouooo
ggoboboobbuooobbooobbooobbooooboa
goobobooooooboooooooooboobobobo
ooooooooooa 4]0

gooooboooooooooboobooboboboboo
ggoobooboobobuoobbbooobbooobboogboboo
goobooboooooobooooobooooboobobobo
ggobooobbuoobbbooobbooobbbooooboba
goooooooobbobobobbobbobooooouoooo
00oo0doodoooooooooooooooon TCPOO
ACK (ACKnowledgementd OO0 0O O0OOO0OOODOOOOO
gooboobooobooooooooooobooboobobobo

00000000000 oo0ooOoo Blooooooooon
ooooTCcPOO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0DO
gbogooooooobobooboobooboobooobo
goboooboooooboooooooboobooobooobooo
goooooooobbboooooboobobobobbbooo
Jacksod 00000000000 D0O0OOOUODOOODOOOO
Oo00o0o0ooooooooog eooooooooooon
gboobobooboobobobooooboooooboboooo
gboboooobooobobooooboooooooboooooo
goboboboboobobobooooboooobooooo
gobooooboooboboooboooooooboooooo
gobobooooboboobobobobooboboboooo
gobooooboooooooboooooooboooooDooo
goobooooboboboobooboboooboooboon
gobooooboooboobooooboooooooboooooo
gboobobooboobobobooooboooooboboooo
goboooobooooooooboooooo
gboboboboogoboboooooooboboboboon
gobooooboooboobooooboooooooboooooo
oo0o0oooOoooooOocpPUOOOOOOD [7UOOO
goboboboboboboboooobooooobboooo
goboooobooooooo



0oooooooooooooooooooooooooon
oooooooooooooooooooooooOoOOoboon
ooooooooooboobol1oooooboobO00ooooooDo
oooooooo0oooooooooooo [gooooog
00ooooooooooooooooooooooOoOOoOon
oooooooooooooooboooobooooooboooo
oooooooooobooooooooooobooooboobooo
ooooooooooooooooooooooooOoooo
000000o0oo0o0ooooooooooon

ooooooooooooOoOoOoOo0ooooOoO0ooDbOOo0Dn
oooooooooooooooooooooooOooOobooon
oooooooooOOOOOOOOOOTCcPOOOOOODO
ooooooooooooooooooooooooOoOooon
oooooooooo TecpOOO0O0O0OODOOODOOOODO
ooooooooooooooooooooooooooon
o0oo000oo0ooooooOooooooooooooon
ooooooooooooooooooooooooooon
oooooooooooooooooooooooooooo
oo0ooo0o0boO0o0ooooOoooTCPOOODOOOOODO
ooooooooooooooOOOOb0OO0O0ODOODODbOO0Dn
oooboooooooooboooboooboOoboooOooooo
oooooooooooooooooooooooooooo
ooooooooooooooooooooooOooOOooon
ooooooooooooboooooooooooooooo
0ooo

OoooO0O000 cADOOOOOOOOO0O0O0O0OBOoOoOn
ooooooooOooOoooooOooOoOoOoooboooooobo
ooooooooooooooooooooooooOoOobooo
O CADOOO0OOO0OOOOOOOOOO0DO0O0O0ooooooDoD
oooooooooooooooooboboooooooooo
ooooobooooooOooOo0oOoooDbOOoOoOoooboOoDbO0o0oon
oooooooooooobooooooooooooooon
00o0o0o0oooooooooooooooooooOOO0Oo0n
oooooooooooooooo

oooooooboooobooooboboo 200000000
ooooooooooooooooooooooooOooobn
ooooooooooooooobooooo30ooooooon
oooooooooooooooooooooooOoObooon
oo0oooo0o0O0000000000400000000D00O
oooooooooooooooobooboooooooOoon
oo0o000o0o0O000000 S500000000000000
000o000o0o0o0ooo

2 0DO000

000000000000000000000000000
00000000000000000 [9-151000000 [9]
O0O0TCPOOOOODOOOOOODOOOOOOOODDO
0000000000000000000000000000

0000000000000 0ORED (Random Early Detection)

0000000000000000O0ns0000000000
000000000000000000000000REDOD
00000000 (@MO000000000)000000000
000000000000000000000000
000000 [100000000000000000000
00000000000000000000000000000
0000000000000000000000000000
000 POOOPIOODDODOO0O0OOOOPIOOOON
0000000000000 REDOOOOOOOOOOODO
0000000000000000000000000000
00000000000000000
000001100000 (@ 0000000000000
0000000000000O0REDOOODOOOOOOODO
0000000000000000TCPOOOOOOOOODO

0000000000000000000000000000
0000000000000000000 (12100000 [11]
0000000000000O0TCPOOOOOOOOOOOO
0000000000000000000000000000
000

000000000 TCPOOOOOOOOOOODOOO
OOREDOOOOODODOOOOOOOODOOOOOONOOOO
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000
000000000000000000000000000
00000000 [1])00000000000TCPOOOODO
00 (TCPRencd 00 TCP Vegas) 00000000000
00 (dualitymodel0 0D OOTCPOOOOOODODOOOOD
0000000000000000000000000000
00000000000000000000000 (0000
0000000)00000000000000000000
0000000000000000000000000000
000000000000000000
000000000000000000000000000
0000000000000 [18]000000000000
0000000000000 REDOODOOOOOOOOOOO
0000000000000000000000 REDOOO
0000000000000000000000000000
00000000000000000000REDOOOOOD
00000 TCPOOOOOOOOOOOOOOOO0ONOO0OO
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000

00000 [1400000000000000000000
0000000000000000000000000000
00000000 TCPOOOODOOOODOOOONOOOOOO
000000 Drop-Tall0 0000000000 0000000
0000000000000000000000000TCPO
0000000000000000000TCPOOOOOODO
0000000O0TCPOOOOOOODOOOOONOOOODO
000000000000000 (4500000 [14]1000
000000000000000TCPOOOOOOOOOODO
00O0ooo0oooO
000000000000000000000000000
00000000000 0000000000000000
0 [16-18000 [16]0 000000000000 000000
0000000000000000000000000000
000000000Javad 0000000000000000
0 SSFnet[190 0000000 0Ns2[20[0 00000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000 1/200000000000000
0[160000000000000000000000000O
0000000000000000000000000000
00 256000000000000000000000000
00000000000000 200000000 [16]0
00000 [17]00000000000000000000
000000000000000000000 [900000
00000O0000000000TCPOOOOOOOODODO
0000000000000000000000000 TCPO
0000000000000000000000000000
0000000000000000000000000000



closed-loop

RED router

““continuous-time systéms

01 Joo0ooOoUoooooooooooooooooooooo

Fig.1 Modeling entire network by interconnecting continuous-time sys- y(t

tems

gobooooboooboooboooobooooobooo

goooobobobobobobobobbbobbDbDbbDboDbDbo
00000000000 TCPRenc OO0 OO0O0O0O0DODODO
gobobooobboobooboobobooobbobboo
gbooboooboooboboboobOOobobOoboboobooboOooDo
goboboooboboboooobobooooboboobo
ooooooooolioc-1zeo0opooooooooonO
OO0 [7jc00000O0oO0o0o0U0ooooooooooooon
TCPOCOOOOOO 10000000 0DODOOOOOOOOO
gobooooboooooooboooooooboooooo
gooooooooOoOooOoDOOOTCPOOODOOODOODO
gobooooboooooooboooooooboooooo
gobobobooboooboobobooooooooboboobo
oo0oooobooOOooboooOo0oooooOoOobobb000000ns-2
00000000000 0U00o0o0oUooooUoOoD (18O
ooooTCcpPOOOODOOODODOOODOOOOOORED
gbobobooboooooooboooooooobobooo
gooocooo

3 bdbopobuoobobuooboooboboooo
googno

000000000000000000000000000
00000000000 [1]000000000000000
000000000000000000000000 (TCPO
000000000000000000000000)000
0000000000000000000000000000
0oooo
0000000000O0TCPOODOOODOOOOO TCPReno
00000000 TCPRencdd 00000000000 000O
0000000000000000000 [1]0000000
OO0O0TCPVegasl 0000000000 D0D0000O0O0O0O
000O0OO0TCPRendd 00 OO0 TCPOODOODO
000000000000000000000000000
00000000000000000000 REDOOOOO
O0O0OREDOOOOOOODOOO (DO0D0O0000O0OO)D
0000000000000000000000000000
ooooo
000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000 (0 1)0

00 [1]0000000000000TCPOOOOO RED
00000000000000000000000TCPOODO
O0OREDOODOOOODOOOOOOODOOOOOOOTCPO
0000000000000 0000000000REDOOD
000TCPOOOODOOOODOOOONODOOOOOOOO
0000000000000000000000000000
0000000000000000000000000000
0000000000
O0000TCPOOOOOOOOREDOODOOOOOOO

01 00(@OoOooo)ooo
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Fig.2 A block diagram for congestion control mechanism of TCP
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