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Abstract A feedback-based congestion control mechanism is essential to realize an efficient best-effort service in high-
speed networks. A window-based flow control mechanism called TCP (Transmission Control Protocol), a sort of feedback-
based congestion control mechanism, has been widely used in the current Internet. Recently, TCP Vegas has been proposed,
which is another version of TCP mechanism, and achieves much better performance than currently used TCP Reno. In this
paper, we focus on a window-based flow control mechanism based on the congestion avoidance mechanism of TCP Vegas,
and analyze its stability using a control theoretic approach. The main objective of this paper is to analyze the dynamics of
the window-based flow control mechanism when TCP connections have different propagation delays. We analytically show
that the network always becomes stable if the control parameter of each connection, which determines the amount of window
Size increase/decrease per round-trip time, is set to be less than the ratio of its propagation delay to the shortest one among
connections.

00O key words TCP/IP Network, Window-Based Flow Control Mechanism, TCP Vegas, Control Theory, Stability
Analysis



1 0Oo0oOd

00000000000000000000000000
00000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000 TCP(Transmission Control
Protocol) 0 D000 O0OO0OTCPOOOOOODOOO
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
oooo

00000000000000 TCP(TCPReno) 0O
00000000 TCPOOOO0O0 OTCP VegasO O
000000 [40TCPVegasO O OTCPReno0 00O
000000000000000000()000000
00000O0(D000000000000000000
00000000000@ 0000000000000
000(000000000000000000000
0000000000000 O ACK (Acknowledgment)
0000000000000000000RTT@OOO00
000000)0000000000000000000
0000000000000000000000000
0000000000000TCPReno0 0000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000 TCPRenoO
000000000000000

0000000 OTCPVegasOOOOOOODOO O(2)
0000000000000000000000000
000000000000000000 [2I00000
TCPVegas0 0 OOOOOOOORITOOD 10000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000000000 ([2100000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000

TCPVegas0 OOODOODOODOO0O0O000O00OO
00000000 (345 0000000000000
0000000000000000000000000
000000000 OTCPVegasOOODOO O0ODOOO
0000000000000000000000000
000000000000000 [3,400000 20
0000000 [50000000000000000
0000000000000000000000000
00000000000000000000000000
TCPVegas O OO OO OOOOOO00O000O0O0000
oooo

00000000[2000000000000000
0000000000000000000000000
0000000000000000000000000

oooobooboobobOobooooooooooo
gbooooooooooooooobobooooo
ooboooooooobooobooboooobooo
goobooooobobobbbooooooooon
goooooooooooboooooooooooo
goobboobooboboooboboboooboo
gooboobooooooboboooobogobon
gobbooobooboobobobobooobooboog
googobobooboobobooooooooboboo
gboobooobbobooooboboboobbobob
gboooooooooooooboobobooobooo
goooooobooo

oobooooooobooobooboooooooobono
gbooooboooooobobooooooboooog
ooo[e 78000000 DOODOOOOOOOOAT™M
gobooobboooooooooooooboooDboon
goooobbboboboooobbooobobogn
gbobobobobooooooooboooboogn
gooooobbobbobobooooboboobo
gooo

ooo200000000000DO00000DOOO
goooboooobooboboooobobboobbooboood
30000000000DO0000O0DoDoOooooDo
oooobOoOooboOOoOooOoooboooboooobooboOooboo4
ooooooobooooboobooobooooobooonoo
gooooooosOoooboODOoOooDDbboOoboDODO
ooooooogan

2 00000

ooooooooooooo1gooooooooooo
uboooooooooooooobooboooooonoo
ooooobooobObOooboooboooooOooonoo
oooooo0 MOOOOoOobDOoooooooDboooo
00000000 r, 1<m<M)DOOOOOOO
00000 N, (> 1)00000000000000
O0n <nm<- <1ty <7p000000000O
ooooooo0 7,0000000000000 Ay,
(1<m<M)ODODO0O0O0OO0O0OO0OO0OO0OO0OO0O0OO0OO0O

T1 T2

1 T TM-1 _ ™M
Ar Ay

Am_1 Ay

gobobobooobbobobbobooobooobo
000000000 0ORTI(OOODODOODOOODO)OO
000 A,0000000TCPVegassO O ORTTODO
0000000000000 00000 [JooDo0o0o
™/Ap 00000000000000000000O0
gbooobooboobooooboobobooooogo
goboooooooboono R, 00000000000
A, 00000000000 OOO0O0OOOOOOO
ooo

oooo ko0boobooooooooooD », 000
n(l<n<N,)0O000O0OOOOOOOOOOOO
00 wne(k)0OODO0O0DO0ORDOO0OO00O0O0O0OOO
0000 kOO0O0OORTTOO wy,(k) 000000
gobobooboboboboooboobobooooo
oooobO0oooooOoooooooDbiIRTTOOOO
O wy,(k)0000O000000O0O00O0ODOOO



-\

Destination Host

Source Host

0100000 (M=3000)

ocooooobo0 kODOODOOOODOOOOOOO
000000000 ¢k) 0000000000 On0 Lo
ooboooooooobooooooooooooooo
0000000 HFO (First-InFirst-Out)D 0000 OO
obooooobOooobobOooobooooboooaoo
oooooooooobOO BOODOOOOODOOO
0000000000 0000 we,(k)DODODOODO
00000000 ¢gk) 000000000 oo Looo
000000 BOOODODOODOOOODOO (@MOD
00000070000 “0000/ms)DODOOO
oooo

goboooooooobobooOorRTTOODOOOOD
oboooboobooooooboobobooboooooo
gooooooobooooooooooon o, 0000
0000000100000000000 wmn/A,O
gooboboooboobooocoooboboooboboooobn
o000 k+10000000000000DOOOO
00000 ¢qk+1)000OD0OO0O0OOOOOOO

2 Wi (k)

M N,
max (z_;z_; N

000 A0 10000000 (=7m/A,) 0000

TCPVegas OO ORTTO OO0 0000000000
00000000000 (0000000000 7,
0r,0000000000000000 k00000
00000000 RTTr,(k) 000000000000

dma(k)000000
Wi, n (k) B Wi, (k) i
( ) ) "

RTTr, (k)0 000000000000 0O0OO00OO0OO
gboobboooobogooooboobooo

a(k)
B

g(k+1) = min

—BAﬂ)J

o (K) )

T (k) = T +

TCPVegasl]l]l]dmm(k)DDDDDD ORTTO OO
ooooDooooooooo [oooooooooon
000000000000 wpalk+A,) 000000
goooooo

Wmn(k) +1, ifdmn(k) < amn
Wi (k+Ay) =< wyn(k) =1, ifdnn(k) > Bumn
Wiy (k) otherwise

000 amy, 000 Bn, JORTTOOOOOOOOO
0000000000000000000000000

2

00000000000000000000 (000
0 wmn(k+A,)00000000000000000
000000 [20

Wnon(k+Ap) =

max(wmm(k) + 5m7n('7m,n - dm,n(k)): 0 3

000 4,,00RTTOOOOO0O0O00000O0O00O0
gobooobooOooobooboooobooboooog

3 0OoOoo

0000000000 000000000000000
000000O0000000000000000000
0000000000 O00000D00000OO00O000
00n=0m,(1<m<MO1<n<N,)DOO0O000O
0000000000000000 3y00000RTT
0000000000000000000000000
000 k+100000000000000 ¢k+1)0
M

DO0000DD00OD0DOD
ﬂk+D:mm<mw<§: —BAﬁ)J) (4)
m=1
000 Owp(k) = wna(k)(1<n<N,)OOODO
Wy, (k) Og(k)Od,, (k) 000000000 wk Og*Od*,
00000 (VO Q0 (0000 Dwn(k + Ap)
w,(k) 0000000000 0w!0¢*0d:, 00000

Oo0oo0oO0ooooooooooo k0obbogoon
oooooooogooon

Npwn (k)
Ap

wi(k) — wi
x(k) =
wum(k) — wiy
qlk) — ¢
oooooo

we(k)DOODODODODOODODOO0O0OOD0OO0OOO00O
ooooooEQooooo A0 A ---AyO0Q0CO
000000 O0Ox(k+A,)DO00O0O0ODOODOOOOOO
goo

x(k+ Arp) = Ax(k) (5)

000 ADDD0O0OOOOODOO000000O0000O0
0000000000000000000000000
0000000 (50000000000000000
000000000000000000000D(s)
sSI-A|=00000000000000000000
Os;(1<i<M+1)00000s<1000000
[1000000000000AO0OOO0OOO0OOO0O
0000Jry0000000000000000000
00000 [100
000000000 M =2@0000000000
2000000000000)0A; =10A, =2 (00
0000000 12)000000000000000 0
M >3000000000000000000000
0000000000000000



M=20A,=10A,=2000000000CC0O0O
oooooobooo

wi = BWAntu ©
U1
w Y2(v2 + v3
wy = 22tu) ™
U1
¢ = V1 — U2 + U3 ©)

4
gooo
2(N1y1 + Novya)

2Bt + NQ’}/Q
V(v1 —v2)? 4+ 8Briv;

U1 =

Vg =

V3 =

00000000000000000000000000
0000000000000000000 (Brym — 00)
0000 Ow;0¢*00 (6«8)00000000000
ooQ

wt o~ YmB Tm
™ Niy + Noye
¢ ~ Niyi+ Noys

gooopooooDOO0000 BOOOOOOO OO
oooooooooo0oOoooboobooo0 w00
googoboboobboobbobboobbbobobon
ooooo Mo NvzODOOOOODOOOOoOooo
O0o0D00Dbw, 00000000DO0ODODOODODOO
goboooooobobobbooogoobooobooboo
¢gsUooooooboobooooO0 vyyOuoooooog
goobogoobobooobobobobooooon
goooooob vy, 0000000000D0D0000
gobobOooooooboooooooooooboooo
goooo
gbooooooooboooboooooooobooono
ubboboooooooboobob o, 000000000
goobooog p,0bobooooooooo

T'm Tm+%

0 @000 (30000000000 d;,=+4,000
000000000000 (30000 df, =+500
ooooooo

gbobooooobobooobog p, 000000
gooooo

(9)

00000000000000000000000000
000 pi/p.0 1/»000000000000000
0000000000000 000000000000
0000000000000000000000000
000000+, 0000000000000000

goooooooOOooOooOooDboboboognD g >1
goooooooOoobooOO0oboOoOooobooOo 1o
oobooO0o0p,00000000000000DO000

YmB

pm = Nivi + Noyo

oobooboboooooooooooog »,0000
oooooooooooobooobooooooooboog
goooboooobobooobbooooobooog
oboooboboboobooooboooooooon
ubob0bO0o0ooooobobooooooooooobooo
gobooboooooooboobooboooboooboooo
TCPVegasO OO OO ODOOOOODOOOOOOODODO
obooooooooooooooooooooooo
oooO0oooO0ooO00oO0 [1uoooooooooo
goboooboooboooobooboooooobonoo
gbobooooboobooboooooooy, 0000
ooooogo
M=20A,=10A,=2000000000000
o0AD0OOODOODOO

a%+N1b1 N2b1/2 albl
A = 0 as b (10)
N1a1 N2/2 N1b1

0o0U0a,00b, 000000000000

Boy,Tm
Br,, +q*’

Béymmws,

=1-9 2 OmTimWm_
m mt (Brm + )

by = —

4 00O

02000000000000000 6-6,00000
0000000000000000 Ny, =N, =1000
000000 7 =1[ms0n =2n, =2[ms0000
vw=7%=300000000000000000 B
0 2-200000000000000000000000
00000B=20000000001K000000
0 163.8Mbi/s0 000000000000 06, 82)C
0000000000000000000000000
0oooo

8

0200000000 BOOOOODODOOODOOODO
(N1:N2:10Dﬁ:1mSEI71:'y2:3DIZIDEI)

ooooooooooooooooos,0ooooo
gooobooobobOooboobooooooooo
goooooOoooooooéy,.0O00ooDoobooo
ooooooooobobbooooooooooooooo
ooboooooooobo0o BOOOOOobOOoDOO
00000000000 O0OB=2,000[0000/msj0O0O



oooooooooooooooé,000000ogn
ooooo s =206,=40000000000D000O
o000oooooDDoboOO0DTCPVegasd O RTTO
oobooooooobooobbboOooooooboooogo
gooooooooooooboooboboooooooo
goooooboobooooobobobooboooboooDo
goooobOooobooboooooboobooog
ooooooobobooboboooobobooooboo
goboobooobooobooboobbooooooooo
00000000000 0D00D0000000000 6y,
oooooooobObOOoooooooobOOoobobooo
gbooooOoooobooboboooooobooboon
ooo000oOoo pOobODOODOOOOODObOO
ooooJy, 0000000000000 0OOOOO™
0000000000 0oOoocOoB=200006,06,
000 2000000000000D00000CDOOOO
oobooboobooooooobooboOoooooooo
goboooooboboooboooooobooooo
ooobooboboooooobboooboooooboo
gooboooooboooooooRrRTTOOOODOOO
goboooboobobboooooooooooooo
oboooooooooooooboooboooboog
0o0o0ooooooD b, 0000000000O0OooO0
gooooo
o30000boobbooonoooooooooooo
OO0O00oO0ooooooo0o BOOOODOOO (8 2
OOooooooooOoDoooboOooooooB=200
OOo0ooooobooDO0o00 200000000000
0o0oddn001100ms| 00000000000
goooooobooooboo 200000000000

03 000000~0000000000000(B-=
200000/msON; =N, =100y, =2 =30
ooo)

020030000000000000000000
0000000000000 000000000000
00000000 00000000000000000
0 (6)-(8)0(10)00000BO00 7, 0000 Bxy,
0000000000000000000000000
0000000000000000000000000
00000000 BOOOOOOOOOOOOOOO
0n,0000000000000000000000
ooooo

0000000000 N, 000 N,OOOOOOO
000000000000 4000050000000
0000000000 B=20[0000/mj00000
0000 r =1[m0yn =~ =3[0000]00000
N, 000 N,OOOOD 0-1,0000 00000000

. . N1=100
e R N1=1000

040000000 NVOODOOOOOOOOODO
(B=200000O/msON; =1007 =7 =1msO
’)/1:’)/2:3|:||:||:||:|)

N2=1
N2=10 -
N2=100

N2=1000

050000000 NoOOOOODOODODODOD
(B=2000OO0O/msdN, =1007 =7 =1msO
71 ::’72 = 3 [][][] [])

oooboobooboobobooooooooooogoo
oooooooooooé,0000000OOoOon
oooooooooboooD 400D0ONMDODOOO
o000 0000000 0ooooooooooo
oooo00ooooooooboooboooooooon
ooooDoRITOOOODOOODOOOOOODODO
ooooooooooooooooboooooooog
ob0oobooooooooocoboooooboooon
oboboooooooooooooboobooooog
goboooooooooooooobooooooobo
0000000000 0000000000000 6y
ooooobobooooooooo

goboooboooobooooboooboobboog
oo0D0Do0s06,000200000000000000
gooobooooooooooooooooooooog
o0oooOooOoooooOoooooooooooo &
000 60 2000000000000 00DOODOO
OO00o0oDoo0oDOoO0o000000o0o0O0onD 205000
oobobOoobooooooooboobobooboooo
0ooooooooo (64,0) 00000000000
0O00o0oooOoo0 ooooooogoooooo BO
ooooooo N,0ooboboo r,0oooooo
vy OOOOOOOD coDO0ODOOODOOOODOOOO
0006 <100 6 <20000000000000
00000000000 006 <100 6 <2000
00 (01,02) 0000000000000 00O0OODOO
00000000000 0000000000 2100
oooooooo0ooooooooo 6, 000000
ooooobooooooooboooboooooooon
ooo

oooobooboobooboboobboooboooboon
ooooé, 0000000000000 00ODObO
ooooooobooooobbobOobobooboobooOooo



000000000000000 B=20[0000 /ms]
00 0(6,6,) 00000 (3.0,4.0) (0 6)000 (4.0, 5.0)
(0 77/000000000000000000000 2
0000000000000 000000O0 (5000
000000000 0000000000000000
0000000000000 000O000000000
0000000000 we(k)000000000000
0g¢k)000000000000000 20%0000
oooooooo

30

wWa(ky ————
IVt 5 J—
25

20

is

Window Size (packe)

10

o 200 aoo0 600 800 1000
Time (ms)

Queue Length (packef)
B
o}
0

o 200 400 600 soo0 1000
Time (ms)

060000000000 (MB=200000/msON; =
Ny = 10071 = lmSD’yl = Y2 =300000
81 = 3.00 85 = 4.0)

Window Size (packef)

Queue Length (packe)
B
o]
o

o 200 4ao00 P 600 800 1000
2

O7000000000000(MB=200000/msO
N1:NQZIODlelmSD’)/l:’)/2:3|:||:||:||:||:|
81 = 4.00 6, = 5.0)

0, 00000000000 (0 6000150 [ms] O
oooooobooobobOoooboobooooooon
ooooooooooé,000ooooooooon
(O nwoooOoOooooOoooooooooooooo
gbobooboboooobobooboboboboon

gogoboooooboogoboboboboboooo
gobogoobboobobobooooobooboo
gogbobobooobbbooooooboooboon

goooboooooooboooboobobooboooon
ooooos, 0000 £1000000000CC0OO

S Ubooooboon

OO0OO0O0OTCPVegasO OO OODODOODOOOOOO
gbooboobobbboooooobobobbbob
goobooooboooobbbobobobbooooon
gbobobooooboboooboooobobobbn
googoo
goobooooobobobooboobobooon
goboooboobbobboboobobbbbbooo
gobobooobbobobbobbooobbobob
obooooooobooobboboboboooooooo
gbobooooooboooooooogd

gooo

[1] L. S. Brakmo, S. W. O'Malley, and L. L. Peterson,
“TCP Vegas: New techniquesfor congestion detection
and avoidance,” in Proceedings of ACM SSGCOMM
'94, pp. 24-35, October 1994,

[ 000O0,0000,000,00 00,000
ooooo TCPIPOOOOOOOOOOOOO O
odooooooooooooy,oooooooa
000000 (IN98-101), pp. 91-98, October 1998.

[3] O. A. Hellal and E. Altman, “Analysis of TCP Ve-
gas and TCP Reno,” in Proceedings of IEEE ICC ' 97,
pp. 495499, June 1997.

[4] A.Kumar, “Comperative performance analysis of ver-
sions of TCP in a local network with a lossy link,”
|[EEE/ACM Transactions on Networking, vol. 6, no. 4,
pp. 485-498, August 1998.

[5] J. Mo, R. J. La, V. Anantharam, and J. Walrand, “Anal-
ysis and comparison of TCP Reno and TCP Vegas,” in
Proceedings of |EEE INFOCOM ' 99, March 1999.

[6] B.-K.Kimand C. Thompson, “Optimal feedback con-
trol of ABR traffic in ATM networks,” in Proceedings
of IEEE GLOBECOM ' 98, pp. 844848, 1998.

[7] H. Zhang and O. W. Yang, “Design of robust conges-
tion controllers for ATM networks,” in Proceedings of
|EEE INFOCOM ' 97, pp. 302309, April 1997.

[8] A. Kolarov and G. Ramamurthy, “A control theoretic
approach to the design of closed-loop rate based flow
control for high speed ATM networks,” in Proceedings
of IEEE INFOCOM ' 97, pp. 293-301, April 1997.

[ 00 00,00 00,000D00000000A0.
0o0o0oo, 1986.

[10] R. Isermann, Digital control systems, Volume 1: fun-
damentails, deterministic control.  Springer-Verlag
Berlin Heidelberg, 1989.

[11] H. Ohsaki, M. Murata, and H. Miyahara, “Anaysis
of window-based flow control mechanism in hetero-
geneous network environment,” in preparation, 1999.



