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Abstract  The Internet uses a window-based flow control mechanism in TCP (Transmission Control Protocol). In the
literature, there have been a significant number of analytical studies on TCP. Most of those studies have focused on the
statistical behavior of TCP by assuming a constant packet loss probability in the network. In our previous work, we have
presented an approach for modeling the network as a single feedback system using fluid flow approximation and queueing
theory. In this paper, by utilizing and extending our previous work, we analyze the steady state behavior and the transient
behavior of TCP. We first derive the throughput and the packet loss probability of TCP and the number of packets queued
in the bottleneck router. We then analyze the transient behavior of TCP using a control theoretic approach, showing the
influence of the number of TCP connections and the propagation delay on its transient behavirour of TCP. We show that the
bandwidth—delay product of a TCP connection significantly affectsits stability and transient performance. We also show that
the network becomes more stable as the number of TCP connections and/or the amount of background traffic increases.

key words TCP (Transimission Control Protocol), Fluid Flow Approximation, Queueing Theory, Steady State Behaviour,
Transient Behaviour



1 00Oo

0000000000 TCP(Transmission Control Proto-
coD0 00000 O0O0D0ODOOOO0O0O0OoooOOooon
Oo0000o0ooDooooooooog [gqoTeProo d
gooooooooobboboobboooooooboo
goboobooooooobboooboboobooo
goobobobooooobooboooooboobooo
gooooooobooboobboooooooo
oooooooooOo [2boo0ooooooooog
gooTCPOOODOOOOUODOUODOOOOOODO
oboodoooooooobbobbobbobobooon
godobuooobooobboooboooooooo
oooogoTcPOO0OODDOODOTCPOODODOOOO
goobooboboboobobooobooooa
gooOoogooooTcPO0ODOODODODOOOOODOO
goooobobooooobboobuobooooda
oooooooogoooTecPOOOOOOODOOO
gboobooooboobobooooobboboboonoo
000000000100 100o0booooooooo
ooooooogTecpPOObOODODOOOOODO
obbodobooooobbooobbooboobooobon
00000000 oooooooooo @@oooooo
Oooo0ooooo)oooooooDoDooooDoOo
goooooOobDOooobooooTcPOOOOOOO
oooooooTcPO0OODODOOOOOOOOO
go0oob0o0o0obbb0 1001000000 o0b o
oooooooTCPOOODOOOOODODO [35 000
o0bo00400000000DO00ODOOODDODOO
gbooboboooboobbbooooboboooooo
ooooooooog MM/UYmOOOOO
000oooo [2QQ0ooboooooooogog
goooogooTcpPODOOOODOODOOODOO
0oooOooopDooooooo TCPOOOODOODOO
goobboboobbooobbobubbboobbo
000000000000 oOoooDoooooTCPO
oot ooobooooobboo
goooboooboobboobobboobobooon
o0ooooooooo TCPOODOOOOO [6-81000
ooooDOoDoOoOo [91oooooooooogoo
TCPODOODOODOOOOOOODOOOOOOOODOO
oooOoOOoooOOooCoOoTCcpPOODOOCODDOODO
oboobobobooooboboooobboooooobon
gbooboboooobooboobobooobobobog
goooTCcPOOOODOOOODOOOODOODOTCP
gooobobooobooobboboobbobbooon
JoooooooooopooooTcPODOOOOOOOd
gogoboobbboodooobbooouogoogo
000200000000 [2l0000000000
ggboooooboobbooboobooooooboog
gob0o00oo300bboboOooobbobooono TerPO
gooboboobooboboboooooooooooo
ooboooooobbbobooooboooboo

Background
Traffic

Receiver;
w(l) ‘ o

ﬁ

—
m

Link Cagpacity u

p(k)

Propagation Delay T
01ooogo

goboboobobooooboooboooooooobooo
Oo0ooooDoDOoOooooD 400000000000
ooooooooooTepOoOoOoDDOOODOOOO
gsboo0o0oboobooobo0obooboooooobooooDOo
goo

2 0DO0poOooooboboobobog

0000000 [2Q0000000000000000
TCPOOOOOOODOOO0OOO0D00ONONOONDOO
0000000000000000000000000
0000 [2100000000

0000000000000 100000000 TCP
0000000000000000000000000
00 TCPOOOOOOOOODOOOOOOOOOOOO
O000000000000000000000000
00000000 OTCPOOOOOOOOOOOOOO
000 (OOO00O0000 ACKOOOO)OooOoOoo
0000000000 0000000000000O0
00000010000

g1rgooooooggoog

TCPOOOOODOOD
gooobooooooooon
gooooo-oooobooobooooobooo
gbooboooooooboooboDbo
gbobobooooooooboooooo
kO00000oO0ooooooooooog
k0000000000 O00000O0OO0O0

3Fae =z

AA
zZ=

w
p

TCPOOOOOOOOOOOOOOOOOOOOOOd
O0o0o0oooooooboooooobooooooon
googoTCcPOO000OO0OOODDOOOOOOOODODOO
gooo0ooooooooooooooooobooon
0000000 100 1000000000000 00
O0000000o0O0TCcPOO0OOO0OO0OO0O0OOOACKOOO
goooooooooooooboboooooooonoao
Ogo0oOoboooooboooOoooooooooooon
(210
1—pk+1—w(k))

w(k)
(1= Qw(k),p(k)) p(k + 1 — w(k)) w(k)
2

—p(k+ 1 = w(k)) Q(w(k), p(k)) @

w(k+1) =w(k) +




000 Qw,p) 00000000000 wOOOOODO
000 pOO00O00D0O00C000D0O0O00O0C0O0OO0
0000000000000000000[3

A A-01-p’)(A+A-p°A-(1-p)""?)

gooTcpPOOO0OOOOOOOODODODOODO
gbooboobobooooooboooooooooooogn
oooboooobbooooobooobooooono
gobooOobOoooobDoOooODOoDOOoO TCPOOO
oooooOdoooooooooooTePobOOooOoO
gooboobobooboboooboooobo 100 10
gooooooboooooooooooooooTerO
goboboooobooobooooooboooooooooo
oooooooM/M/UmOO0O0OO0O0DOODOOOO [210

(k) (1 — p(k)) p(k)™

R @

000Op(k) 000 r(k)0000000000

pwﬁ=%<%zy)+hﬂ

p(k)* (1 —mp(k)™ + m p(k)™+1)
p(1 = p(k)™+2) (1 — p(k))
000000000000000000000 TCPO

goobbbooooboooboboboobobbb
goooooboboooo

r(k) =21+

®)

3 0DOooon

0002000000000000000 w(k)DOOO
000000 p(k) 00000000 (D 10200000
odooooooo TCcPOO0O0OODODODODODODOODOO
00000000000 oo0ooo0ooooooooo
0000000000000 0000000000oo
00000o00o00o0oooooooooooooooan

TCPOOOOOOOO OAIMD (Additive Incerase Mul-
tiplicativ]eDecrease) DO O D00 OO0 OOoOOOOQ
0o0o0ooOooo ooooooooooooogoo
00000000000000000000000 w(k)
oo booouoooooooooon
goooooooboboobbooobooooboa
goooooo

gopoooooo TcPOOOOOODOOOOTCPO
0O0000000o0o0o0ooooooooo0 w*
O00 p 000000

w* = kli}nolow(k) (4
pt = lim p(k) ®)

00000000 ()0000 (0000000 Ow* =
wk)Dp*=p(k)00000000000000000
000000000000000000000 TCPO

oooooo roobobooooobobOoOoooooo
0000 LOoO0o0O0O0O0oO0oboOoooooDooon

*

T = L ©6)

L = u(r*—27)
p(k)* (1 —m p(k)™ + m p(k)"™*)

= Ay D

000000000000000000000000
0000000000000000000000000
0 (6)0(5)0(7) 0000000 TCPOOOOO OO OO
0000000000000000000000000
000000000000000000000 10000
00000000000 0ns2[121000000000
00000002400000000000000000
04000000 20000000000000000
000000000000000000000000 50
000000000000005000000000 9%
0oooooooo
000000000000000000000000
0000000000000000 N = 100000
000000000 p=2[0000/ms000000
07r=3[mi000000000000000000
Ap=02[0000/mi000000000000000
000 m=50[0000]0000000000000
0000000000000000000 UbPOOO0O
00000O000TCPOOO UDPOOOOOOOOO
000 1,000[000]0000
0300000000000000 0000000
OOTCPOOOOOOODOOOOOOOOOOOOOO
0000000000000000000000000
03@00000 (300000000 TCPOOOO
00000000000000000000000000
00 [8l000000000000000000000
00 TCPOOOOOOOO0OO00O0O00000OTCP
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
00000000 O0TCPOOOOOOOOOOODODO
0000000000000000000000000
00000000000000000000 TCPOO
00000000000 (6000000 (300000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
A =0200000000000000000000
0000000000000000000000000




ooooooOoooo TepPOOO0OOODODOOOOO
gbooooboboooooobobooboooooboon
goboobooboobooboboboobobbon

004000000000 000DOOOOTCPO
gooboobobboobobooobbobobobbboo
googbooobooobooooboobbooooo
TCPOOOOODOOOOOOOOODOOOODODOOO
gooboooogboboooboboobobooooa
gooTcpOOO0OOO0OOOOO0O0O0O0O0O0O0OOO
gbobooooobobooooboooobobooooo
gbooooooooboooobbooooobobooon
gbbooooooooboobooooobooboooo
odoboooboooboooooobooooooooo
goooobooboooogoboooobbooooo
googoTCcPOOOODODOOODOOOODOODOOOO
gbooooboooooooooboooobobogbn
gbooboboobobboboobobooobobboboo
gbooooboooobooobooooooooon
gobooooooooooboboooboooooooo
gogoooooo

4 OO0O0OD0OO

0000020000000000000000000
0000000 TCPOOOOOODOOOOOOODOOO
00000000000000000(0O000)000
0OTCPOODOOO0OO0O00OOOOO0OOOO0OO0ODO
0000000000000000000
k000000000000TCPOOOOO0OOOO
wk)DOODDOOO000 p(k)0000000000
w000 p*00000 x(k)000000

0()0(@OD0000000D000O0000N00O w*
000 p*0000 1000000000000000
0oooooOoo0O0

x(k+1) = Ax(k) 8

o0 AQ0000DbOOO00o0boOooobooOooboDOo
gobooboboboboooboboobbobob
0000000 0o0o0ooooo0O [WBooooooo
gbbooooooobooobob 10o0bbo0ooogo
gooobbooooobobooboooooboaoon
gbooooooooooboooobobooboobo
ooooogooooooTepPOODOOOODOODOO
goooobooobooboooooooooooon
ocoooDOoOooOooDooTCecPOOOOODDODOO
goooooobooboooboboooaoo
gogTcPOODOOODO NOOS010015000
goooooooooooosbobobooooonooo
00000o0ooooo w0 050000 /mslO00O0O
0000 oS0[mg00D000O00D0OOO0D0 ADDOO

O0000000000000000000000000
00000000 30000000000000000
00000000000 D0O0D000 m=50[0000]0
00o000o0oo0o0DoDUoOooDoo Ap=02[000
O/ms0000
0000 5@ 0000000000000 px70
gooooooboooooobooboooboooon
goodoooobobobbbooobooooooobooo
O0000ooooooooooogTcP,Ooooon
0000000 0000o000oooooooOgAcCKO
00000000 000o000o0o0oooooooon
000o0oooTCPOOOOOOOOOACKOOODOO
0000000000000000100000000
00000ooooOoooooooo ACKOooooooo
(OODO0ooOoODO0O0OoOoo0)ooooDoOooOoooOg
gooodoooobbooobobobbobbon
gooboboooooooooooooooooa
godoooobobooobbbbooooooooo
0000000000000 000o0o0oooooooo
000000000000 oooooooooooon
00000 5@—+«c0ooooooTcPO0OdnoO
0000000000 0000O000DooooDoooon
000000 (oO00)oooooooooooooo
OoTCPOODOOOODODOOOOOOO TCPOODO
goooooboooooboooobuoooooa
b oooooob oo ooog
goodooboooooobooboooooa
gooTCcPODOOOODOO N=100000DO0O0O
0000000 0o0o0ooooo AgpO0O000.2005([0
O00/ms 0000000000000 0ODOO0OO0OO
600000 6@«(c)000000000ooooog
0000000o0oo0o0ooooo0ooooooo
000000000000000000000oooon
O000000000o00oooooooooTecPOOO
00000000oooooooooooooooon
oopoooooogTcPOODODODOODODOn
godobooobddooooboboooobbbuooo
goboooooboooobooog
oo ooooooooa
dooooooooooooooooooTcPOOO
0000000000oo0oooooooooooon
00000 200000000000000 00050
200500000/ 0 0000OCOOOOOOOO
00000oo0oooooo TCPOOOODOOOOOO
0000000000000 o0ooooooooooon
00000000 oooooon0 pO 05020050([0
O00/ms0000000D0D00O0OOO0ODOOOOO
0 0.61900.78000.9230 000 (O 5(b)00)00 00
goooobobobbooooooboboooooa
03000000000 0o00o0ooo2200000
oododoooooTCcPODODOOODDODOODOOO
0000000000o000ooooooooogoo



60 T T T T
50 -

40 T N
20 + B
10 ~ ]

Average Window Size [packet]

Bottleneck Link Capacity pn [packet/ms]

(8 TCPOOOOOOOODOON

Average Queue Length [packet]

(e} 1 2 3 4 5
Bottleneck Link Capacity pn [packet/ms]

(OooDooOooooooooooooo

020000000000 @EOoOoUOoooooooo
OOo0oOo0oOoopo2o0ooooooooogog)

gooooooooooOoDoDOooOoboboOoOooooDioo
msO 000000000000 0000b004aan
gooboobobobobobbobbbooobob
000000000000 oboooooooooo
O000)0ooo0ooooooooooo TCPOOO
ugboooobooooooboooon

S DUuobboooog

gboobooooooobOoobOooobooooonoon
gooooogogTepPOOOoOoOooooooooon
gooOoooboooogooooooo TePOOODOO
goboodoooboobooobbooooooon
gooobobobbooobooobboboboo
goooooooooTepPOO0OCOOOOOODOOO
oo0ooooooo TecPOODODOOOOOOOOO
gooooooTepPOOOO0OO0OOOODODOODO
gooooobooboobooboobooooboogon
oboboooocooooboooobon

gbbooooooboooboooobooooon
gboooboooboobbooboobobobooo
gboooobbobobooboobobobbooog
gbooboobooooboo

ggon

[1] V. Jacobson and M. J. Karels, “Congestion avoid-
ance and control,” in Proceedings of SGCOMM ' 88,

(2]

(3]

[4]

(5]

6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

pp. 314-329, Nov. 1988.

00O oo,0000,0000,00000000
doodooooopoooo TCPO ODOOO DO
ogdboooboooooooyoooooooon
00000 (SSE2000-298), Mar. 2001.

J. Padhye, V. Firoiu, D. Towsley, and J. Kurose, “Mod-
eling TCP throughput: a simple model and its empir-
ical validation,” in Proceedings of ACM SSGCOMM
'98, 1998.

T. J. Ott, “ECN protocols and the TCP paradigm,” in
Proceedings of IEEE INFOCOM 2000, pp. 100-109,
Mar. 2000.

H. Ohsaki, M. Murata, and H. Miyahara, “ Steady state
analysis of the RED gateway: stability, transient be-
havior, and parameter setting,” to appear in IEICE
Transactions on Communications, Jan. 2002.

C. Casetti and M. Meo, “A new approach to model the
stationary behavior TCP connections,” in Proceedings
of IEEE INFOCOM 2000, pp. 367-375, Mar. 2000.
T. J. Ott, J. Kemperman, and M. Mathis, “The sta-
tionary behavior of ideal TCP congestion avoidance,”
1996.

A. Misra and T. J. Ott, “The window distribution
of idealized TCP congestion avoidance with variable
packet loss,” in Proceedings of IEEE INFOCOM ' 99,
pp. 1564-1572, 1999.

A. Kumar, “Comparative performance analysis of ver-
sions of TCP in a local network with a lossy link,”
vol. 6, no. 4, pp. 485-498, 1998.

J. Padhye, V. Firoiu, and D. Towsley, “A stochastic
model of TCP Reno congestion avoidance and con-
trol,” tech. rep., CMPSCI Technical Report 99-02,
1999.

M. Mathis, J. Semke, and J. Mahdavi, “The macro-
scopic behavior of the TCP congestion avoidance al-
gorithm,” ACM SSGCOMM Communication Review,
vol. 27, July 1997.

“The network simulator.” availableatht t p: / / www.

i si.edu/ nsnant ns/.

oo oo,0o0o0o0,00o00,“0000o0o00
ooooo TCcPOOD0OOOOOODODODOO
0000000000 DbO00D,00000000
000000 (IN2000-3), pp. 13-18, Apr. 2000.



0.5 L—— T 1 L — T 50 Lo — T T
Analysis analysis 45 L Analysis
04 F Analysis(padhye) ------ = Simulation ----+--- 40 + Simulation +---+---

Simulation ::
0.1

T

7 3

[%) 5]
5 z S as | ]
k=] = - q
E ; 8 £ 35 1
S 03| P - £ 2 30 | -
e _ @ 3 25 R
5 02 - o @ 20 - 4
2 - o.01 3 15 | i

= s 1] =1
2 01} e =5 & 10 R
<] L T o 5L 4

= [a j=2]

= 0 1 0.001 1 1 1 1 1 1 1 1 1 E 0 1 1 1 1 1 1 1 1 1

0051152 25 3354455 0051152253354455 % 0 051 15 2 25 3 35 4 45 5
Bottleneck Link Capacity p [packet/ms] Bottleneck Link Capacity p [packet/ms] Bottleneck Link Capacity p [packet/ms]
(@TCcPOOOODOO () TCPOOOOODOOO (00000000 O0DoOoOooooO

oooo

03000000000 0000D00000 @EOO00D0DDODODO0U0ODO00 WODOODOOODn)

T
B4
& 05 77— 71— 0.1 — T S 50 —— —— T
£ \ Analysis > Analysis S 45 L Analysis 4
b 04 F N Analysis(padhye) -- i = Simulation +--—+--- = 40 + Simulation +---+--- |
5 \ Simulation :- ] = s
] 2 £ 35 + % o
S 03p . e S 30 F LR R |
= @ 001 3 25 ¢ 1
5 02 M S L 20 n
2 = 2 15 + .
Q =3
2 01 g =5 & 10 + g
o © D 5 -
= [a j=2]
= 0 1 1 1 1 1 1 1 1 1 0.001 1 1 1 1 1 1 1 1 1 ﬁ 0 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 % 0O 5 10 15 20 25 30 35 40 45 50
Propagation Delay 1 [ms] Propagation Delay T [ms] Propagation Delay T [ms]
(@TCcPOOOODOO () TCPOOOOODOOO (00000000 O0DoOoOooooO

oooo

040000000000000000O0O0@COODODOOTOO0O0O0O0O0O0O)

a
o
a
[e]
a
[e]

A
[e]
I
[e]
IS
[e]

%]
]
w
[e]
%]
o

N
o
N
o
N
o

n
o
I
o

Propagation Delay (tau) [ms]
B
o

Propagation Delay (tau) [ms]
Propagation Delay (tau) [ms]

1 2 3 a4 5 1 2 3 a4 5 1 2 3 4 5
Bottleneck Link Capacity (mu) [packet/ms] Bottleneck Link Capacity (mu) [packet/ms] Bottleneck Link Capacity (mu) [packet/ms]
@N=5 () N =10 QN =15

05 uyr00000000000000OO (TCPOOOODOOO NODOODOOOOO)

50
@ @ @
E. E E.40
= = =
=) £ =)
z z z 30
-] © -]
a a a
S S § 20
= = =
g g g
S S S 10
(s (= (s
1 2 3 4 5 1 2 3 a4 5 1 2 3 4 5
Bottleneck Link Capacity (mu) [packet/ms] Bottleneck Link Capacity (mu) [packet/ms] Bottleneck Link Capacity (mu) [packet/ms]
(& A = 0 [packet/ms] (b) A = 0.2 [packet/ms] (c) A = 0.5 [packet/ms]

O6ur000000000000000@EOO0000O0O0O000O0O00 A ANp200000000)



