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Abstract

We shaw that the current TCP Vegasalgorithm can becomeunstable in the presenceof network
delay and proposea modi cation that stabilizesit. The stabilized Vegasremains completely source-
basedand can be implemented without any network support. We suggestan incremertal deployment
strategy for stabilized Vegaswhen the network cortains a mix of links, some with active queue
managemen and somewithout.

1 Intro duction

TCP Vegaswasintroducedin 1994[6] as an alternative to TCP Reno. Unlike Reno (or its variants
such as NewRenoand SACK), that usespacdket lossas a measureof congestion,Vegasusesqueueing
delay as a measure of congestion[17]. Vegasintroducesa new congestion avoidance mecanism
that correctsthe oscillatory behavior of AIMD. While the AIMD algorithm induceslossto learn the
available network capacity, a Vegassourceadjusts its sendingrate to keepa small number of padkets
bu ered in the routers alongthe path. Provided there is enoughbu ering, anetwork of Vegassources
will stabilize around a proportionally fair equilibrium and padcket losswill be eliminated; see[17] for
details. In this paper, we study the stability of this equilibrium in the presenceof network delay,
motivated by two lines of recert researd.

First, extensive experimental results have beenconductedto comparethe performanceof Vegas
and Reno, e.g., [6, 1, 8]. Its dynamic and fairness properties have also been studied in [4, 19, 5],
but thesepapers consideronly a single bottleneck link and network delay is not accourted for in the
study of its dynamics. Optimization basedmodelsare usedin [20, 17] to analyzea generalnetwork of
Vegas.In particular, it is shown in [17, 15] that any TCP/A QM (active queuemanagemet) protocol
can be interpreted ascarrying out a distributed primal-dual algorithm over the Internet to maximize
aggregate utilit y, and a user's utilit y is (often implicitly) de ned by its TCP algorithm; seealso
[10, 16, 18, 20, 13]. Thesemodels mostly focus on the equilibrium structure, and do not adequately
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deal with network delay. To complemen this seriesof work, we use here a multi-link multi-source
model, described in Section2, that explicitly includes heterogeneoudorward and badkward delays to
analyze the linear stability of Vegasaround an equilibrium. In comparisonwith previous analytical
work, we sacri ce global (nonlinear) dynamicsin order to understand the e ect of delay on stability
of Vegas,and how to stabilize it.

Second,this paper is motivated by the stability theory for linear distributed and delayed system
recertly deweloped in [21, 23, 24, 22, 12]. In particular, a TCP/A QM algorithm is designedin
[21] that maintains linear stability for arbitrary network delays and capacities. It is in the classof
\dual" algorithms of [16, 3] that usestatic sourcealgorithms, and it employs a sophisticated scaling
with respect to network delays and capacitiesto achieve high utilization and fast responsewithout
compromising stability. This form of arbitrarily scalablestability, however, dictates a speci ¢ source
utilit y function and hencefairnessin rate allocation. By introducing a slower timescale dynamics
into the sourcealgorithm, the TCP/A QM of [2]] is extendedin [22] to track any utilit y function, or
fairness, on a slow timescale, provided there is a known bound on network delays.

The main insight from this seriesof work is to scaledown sourceresponseswith their own round
trip times and scaledown link responseswith their own capacities,in order to keepthe gain over the
feedbadk loop under cortrol. It turns out that the (implicit) link algorithm of Vegashas exactly the
right scalingwith respect to capacity asusedin [21, 22]; see[17]. This built-in scalingwith capacity
makesVegaspotentially scalableto high bandwidth, in stark contrast to Renoand its variants. The
source algorithm of Vegas, howewer, has a dierent scaling from those in [21, 22] with respect to
delay. We prove in Section 3 a su cien t stability condition that suggeststhat Vegascan become
unstable at large delay. In Section 4 we proposea small modi cation, inspired by [22], to stabilize
it. We describe an incremental deployment strategy in Section 5 that would allow Vegassourcesto
work with a mix of routers, someimplementing a queue-clearingAQM and somenot. Finally, we
presert simulation results in Section 6 to comparethe dynamics of Vegasand its stabilized version.

In cortrast to Renoand its variants, Vegasseemgsparticularly well-suited for high speednetworks.
Renoand its variants, with RED, becomeunstable as network capacity increased?9, 14]. It alsomust
maintain an exceedingly small loss probability in equilibrium that is dicult to reliably use for
control. Vegas,on the other hand, scalescorrectly with capacity. Moreover, while the equilibrium
queueingdelay can be excessie at low capacity, it is reducedas capacity increases.Other problems,
such aserror in propagation delay estimation due to queuesand rerouting [19, 17], may be lesssewere
at high capacity, asbu ers clear more frequertly.

2 Network model

A network is modeledasa setof L links (scarceresources)with nite capacitiesc= (c¢;;1 2 L). They
are sharedby a setof N sourcesindexed by r. Each sourcer usesa set of links de ned by the L N
routing matrix

(

1 if sourcer useslink |

Ry = X
0 otherwise

Asscciated with ead link | is a congestionmeasurep (t) we will call “price’; aswe will seebelow,
pi(t) is the scaledqueueingdelay at link |. Each sourcer maintains a rate x, (t) in padets/sec. In
this paper, we are mainly concernedwith linearized model around an equilibrium, sowe denote the

equilibrium forward delay from sourcer to link | by | and the equilibrium backward delay from



link 1 to sourcer by ( . At time t, we assumesourcer obsenesthe aggregateprice in its path
X
G(t) = Repi(t () @)
and link | obsenesthe aggregatesourcerate

X *
yi(t) = Rirxi(t ) )

r

Let T; denotethe equilibrium round trip time. We assumethat
r =T 8l2L

Then [17] models TCP Vegas,with its assa@iated queuemanagemern, asthe following dynamical
system?

( 1
_ Fn®) a) if pi(t) > 0
2o = Ly e  ifp®=0 ®)
I i o @

where (z)* = maxf0;zg,sgn@z) = 1ifz> 0, 1lifz< 0,and0if z= 0. Here, , is aVegasprotocol
parameter, and d; is the round trip propagation delay of sourcer. Price pi(t) is the queueingdelay
at link | and g (t) is the end-to-end queueingdelay of sourcer (see[17]). Round trip time of source
r is de ned as

Te(t) = d+g()

with the equilibrium value T; de ned in (2).
An interpretation of Vegasalgorithm is that ead sourcer adjustsits rate (or window) to maintain
rdr number of its own padkets bu ered in the queuesin its path. The link algorithm (3) is auto-
matically carried out by the bu er process.The sourcealgorithm (4) incremerts or decremets the
window by 1 packet per round trip time, accordingasthe number x; (t)q (t) of padketsbu ered in the
links is smaller or bigger than d,. In equilibrium, x,q = d;, and the unique equilibrium rates
X = (x;r = 1;:::;N) maximize aggregateutility Uy (x;) subject to link capacity constraints,
with the utilit y functions (see[17] for details)

U (xr) = rOr log X,

HenceVegasachievesweighted proportional fairness[10].

The link algorithm of [21, 22] is the sameas (3) of Vegas,exceptthat, there, cis avirtual capacity
that is strictly lessthan real link capacity in order to clear the queuein equilibrium. There, p(t) can
be interpreted as\virtual" queueingdelay at a link fed by the sameinput but drained at the virtual
capacity. As shown in [21, 22], scalingdown p, by 1=q is what givesdelay, real or virtual, the right
scaling with respect to network capacity. In Section 5, we will explain how stabilized Vegascan be
incrementally deployed in a network with a mix of links, generating both real and virtual queueing
delays.

1The model in [17] is discrete-time and ignores feedbad delay in the interconnection de ned by (1) and (2).



3 Stabilit y of Vegas

The Vegassourcealgorithm (4) is discortinuous. This can causeoscillation around the equilibrium.
The original Vegasalgorithm preverts oscillation by enlarging the equilibrium point to a set: source
rate x, (t) (or window) is unchangedas soon asthe number x; (t)¢ (t) of packets bu ered in the links
enters the range[ ;d;; (di]with [ < . It is however hard to control fairnesswith , < | [5].
Here, asin [17], wetake = .

In this section, we presert a cortinuous approximation of the Vegasalgorithm (4), derive a
su cien t condition for linear stability basedon this approximation. The condition suggeststhat a
network of Vegascan becomeunstable when delay increases. In the next section, we will indeed
proposeto use (a stabilized version of) this cortinuous function to replace (4) in order to prevent
oscillation due to discortin uity.

3.1 Appro ximate model

Note that
sgn(z) w 2 an (2
The approximation becomesexact in the limit as ! 1 . Hence,considerthe following approxima-
tion of (4):
x () = f(xe ()6 (1)
E'I'rz—l(t) tan 1 1 7Xr(tr)gr(t) (5)

where again T, (t) = d; + ¢ ().
Consider the equilibrium point (x ;p ). The rates x are unique since the log utilit y function
is strictly concare. Suppose the routing matrix R has full rank, so that the equilibrium prices

the model sothat p, > O for all I. In equilibrium, the sourcerate x, and aggregateprice g, satisfy
X G = 0
Linearize around the equilibrium point,

Xe(t) = X+ X (1)
gt =q + g(t)

Then, to rst order,

X = X = % Xr(t)"'% G (t)
where
@ _ 2 1
@f - _XrTrZ
@ _ 2 1
@ ot

where we have usedT, = dr + g . Hence,in Laplace domain, we have

ar

. S
X () G sT, + &

% (s) (6)



where

2 1

a = —
' X Ty

()

At the links, the equilibrium points (y, ;p,) satisfy y, = ¢. Linearizing the link algorithm (3)
around the equilibrium

yi(t) =y + w()
pt)=p + pi(t)

we have, to rst order,

_ @ @
o= @ pi(t) + @ yi(t)
- 1
=S yi(t)
and its Laplace transform L
pi(s) = gs Y (s) (8)

In summary, the linearized model of Vegasis described by (6), (7) and (8). To simplify notation,
we assumewithout loss of generality for the rest of the paper that all sourceshave the sametarget

queuelength, ,d. = for all r (otherwise, take to be the minimum ,d; in the stability results
that follow).
3.2 Stabilit y

Following [21], we can expressthe error equations of (1){(2) in matrix form, in Laplace, as

y(s) = R(s) x(s) 9)
q(s) = diagfe °""gRT( s) p(s) (10)
where
« .
Re= o 0 DR
otherwise

The routing matrix R(0) = R determinesstatic relationship betweenequilibrium values,i.e.,
y =R0O)x; g =RT(0)p (11)
Givenany nite positive a, let (a) be the unique solution in (0; =2) of
tan = a (12)

asa (strictly increasing) function of a.

Wewill characterizethe stability of Vegasrst in terms of maximum window sizeand then in terms
of minimum queueingdelay. The results below say that Vegasis linearly stable if the equilibrium
window sizeis su cien tly small (Theorem 1), or equivalertly, if the equilibrium queueingdelay is
su cien tly large (Corollary 2).



Theorem 1 Suppsefor all r, kgT, max; T, _for someky. Let M be an upper bound on the number
of links in the path of any source, M max;, | Ry . The Vegas model descriled by (3) and (5) is
locally asymptotically stablearound the equilibrium point (x,;y, ;p ;g ) if

AN

<
X, Ty M k

max X, T, sinc
r

onN

where *:= 2 = andsinc = sin = .

Pro of. SeeSection 3.3 below.

Note that since () is strictly increasingand sinc() is strictly decreasingthe left-hand side of the
stability condition in Theorem 1 is strictly increasingin the window sizex, T,. Hencethe stability
condition imposesa limit on the maximum window size.

Sincex,q = , this condition directly translates into one on queueingdelay. The left-hand side
of the following corollary is strictly increasingin ¢ =T, implying a lower bound on queueingdelay.

Corollary 2 Suppsefor all r, koT; max; T, for_somekpy. Let M be an upper bound on the
number of links in the path of any source, M max;, | Ry . The Vegasmodel descrited by (3) and
(5) is locally asymptotically stablearound the equilibrium point (x,;y, ;p,;q ) if

min — %=1 M k3

" sinc t
where A:= 2 = andsinc = sin =.

The next result shows that the stability condition cannot be satis ed when there are more than
one (bottleneck) link in a source'spath.

Corollary 3 The stability condition cannot be satis ed if a source has more than one link, i.e., if
there is an r with R, = 1 for more than onel.

Pro of.  The conditions in Theorem 1 and Corollary 2 are the same,sowe will work with Corollary
2. Since ()< =2,sinc () > 2= . By denition kg 1. Hencethe stability condition in Corollary
2 implies

.0 2M

= > -
min T,

If M 2, then the right-hand side is bigger than 1. Yet, the left-hand side cannot exceedl since
T =d +q.

We emphasizethat the stability condition is only su cien t in the multilink case. It is however
both necessaryand su cien t in the single-link-homogeneous-sourcease. We now illustrate, for this
case,the stability region and the e ect of protocol parameter = d;.

Example 1: Single link with homogeneous sources (c;d;N)
Consider a single link of capacity c sharedby N homogeneoussourceswith round trip propagation

delay d. For this case,a; = ag, T, = Tp, and! , = ! ¢ for all sourcesr in the proof of Theorem 1; see
Section 3.3. This implies that the stability condition (M = 1 and kg = 1)
=T,
% ! > 1 forallr (13)
sinc = X

T,



is both necessaryand su cien t. Note that the equilibrium quarntities g, and T, depend on the target
queuelength . To getinsight on the e ect of protocol parameter on stability, we look at a simpler
condition.

As noted above, sincesinc () > 2, a necessarycondition is

5 2 ol
T or all r
SinceT, = d+ g andg = =x, = N =cby symmetry, this condition is equivalent to
cd < 1 N (14)

2
Hence, a necessarycondition for Vegas stability is that the bandwidth delay product be small.
Moreover the stability region is larger with larger target queuelength  or number N of sources.ll

3.3 Proof of Theorem 1

The proof proceedsin three steps. First, we follow the argumert of [23, 22] to show that the Nyquist
tra jectories of the loop gain matrix is contained in the convex hull of N complex functions of j! .
Second,we show that at large enough! when at least one of these functions has a phaselag of
, all of them are cortained in the unit circle, under an appropriate condition, and hencecannot
encircle 1in the complexplane. Third, we shaw that this condition is the onein the theorem.

Step 1: Using the linearized equations (6), (8), (9), (10), the return ratio seenat the sourceis
described as:

; Xy ; sTr T ; 1
diag arq diag ST+ a diag e R’ ( s)diag s R(s)

For stability, it suces to show that the eigervalues of this function does not encircle 1 in the

complexplain fors=j!,! 0. The set of eigenvaluesis identical to that of
L) = di el T RT( j1)R(! 15
') = diag - . ! !
(1) =diag =ty RTCIDRGY) (15)
where
K = Ma T _ 2 M (16)
o}
and ro ro ]
1 X
il):=di — i1))di -r
R(j!) := diag S R(!)diag
From the lemma of [23], the spectrum of L(j! ) satis es
ke I'Tr
LGy = diag - : RT( j1R(!
(LG 9 ey RCIDRGYH
ke ' Tr

, , [
RT( j1)R(!) co O TG ey

where co( ) above denotesthe corvex hull of the N eigertra jectories and the origin.



The spectral radius of R(j! ) satis es

RT( jHRG!) diag RT( j!)diag ql R(j! ) diag(x,)

1

§||—\ §||—\

diag RT( j!) diag yi R(j!)diag(x,)
1 [

1
= 1
since, by (11), all the absolute row sumsare equalto 1. Hence,

[ ke it T

e N TE AR A

Let
ke 1T
PTG T+ a)

We now show that under the condition of the theorem, at no! will the convex combination of (j!)
encircle the critical point 1.

(1)

Step 2: Dene ag = min; a and Tp = max T,. Let!,, r = 0;1;:::;N, be the value in (0; =2)
that satis es

''Ttan! ([ T, = &; r O a7
Clearly '¢ !, forall r. Here!,, r 1, is the critical frequencywhen the eigervalue ((j!) has
a phaselag of . Hence,for! <!y !, the corvex combination of (j!) cannot encircle 1
becausephase( ((j!)) > for all r. We now show that, for ! Lo, all ((j!) arein the unit
circle and hencetheir convex combination cannot encircle 1 either.
For ! I g, sincekoT, To, we have
L k
| = n
J r(J . )J ! Tr ~ m
. kk3

LoTo' 1373+ a3
w1 e
oo "T3E R
3

= 2 sinc (ag)

wherethe last equality follows from (17) and the de nition of () in (12). Hencea su cien t stability
condition isj ;(j!)j< 1forallr,! 1o, or:

sinc (ag) < 1
ap kk3

Step 3: Substituting k, from (16), and ao:

/\M AN

k = and a = ming, = ———
roo max, X, Ty

into the above condition, we have

N
max x, T, sinc —— <
roort max, X, T M k

ON)|



Sincesinc  ~(x,T;) ! isstrictly increasingin x, T;, we have

N N
max x, T, sinc —— = maxXx, T, sinc
roorr max, X, T, e X, Ty

hencethe stability condition in the theorem. |

4 Stabilized Vegas

In this section, we proposea PD (proportional di erential) cortroller at ead sourceto stabilize a
network of Vegassources.We modify the (approximate) Vegasalgorithm (5) into

R ©030 e (18)

where T, (t) = d; + g (t), and
© o= 5 (19
O = o X OTW (20)

Here, the parameter w determinesthe maximum changein window size per round trip time (for
the original Vegas,the maximum changeis 1 padcket per round trip time). The parametersa > 0
and 2 (0;1) are to be chosento ensurestability (seebelow). The overall gain parameter (t) is
proportional to the current window size: the larger the window, the more aggressie the response.
The gain [ (t) on the di erential term is proportional to the ratio of round trip time to end-to-end
queueingdelay of sourcer, and servesas a normalization to g (t). The additional di erential term

r (1) () anticipates the future of g (t). Without this term, sourcerate x, (t) will be increasedif
the number x; (t)q (t) of padkets bu ered in the links is small comparedwith d,. With this term,
even when x; (t)g (t) is small, the sourcemay decreaseits rate if prices are rapidly growing, i.e. if
q(t) is large. We note that a di erential term is alsousedin the link algorithm of [11], motivated by
an optimal control formulation of AQM design.

The equilibrium point remains the same, exceptthat g2 = 0 as well. Linearizing around the
equilibrium, we have, to rst order,

@, @, @,

—_— t —_— t —_— t
)Sl' @r Xr()+@ Q()+@ (}_()
where
e _ 2
@r Tr
@ _
@ T g
@ X
@x %
Its Laplace transform is
xi(e) = 2o ST g (21)



We have chosen ; and , sothat the lead-lagcompensatorin (21) for all sourceshave a common
zero a and pole a . In contrast, the algorithm of [22] allows  to depend on r, corresponding to
unrestricted choice of utilit y functions. Hence,we needa slightly di erent stability proof from [22].

Theorem 4 Suppse for all r, koT, max; T, for someky. Let M be an upper bound on the
number of links in the path of any source, M max, Ry . For any givena> 0Oand 2 (0;1),
the modi e d Vegas model descriled by (3) and (18){(20) is locally asymptotically stable around the

equilibrium point (x ;y ;p;q) if

s
2+ 2(kod)?
max xeTr < GoM 2% (koa)? (22)
or equivalently, if
s
. k oM 2+ (koa)?
min T > 77 2(koa)? (23)
wher
p_
2
- 1
tan 1
and = [d; is the common target queuelength.

Pro of. The proof proceedsin two steps. First, we follow the argumert of [23, 22] to show
that the Nyquist trajectories of the loop gain matrix is contained in the convex hull of N complex
functions of j! . Second,we show that at large enough! when at least one of these functions has a
phaselag of , all of them are contained in the unit circle, under the conditions in the theorem,
and hencecannot encircle 1 in the complex plane.

Step 1: Using the linearized equations (21), (8), (9) and (10), the return ratio seenat the sources
can be written as:

sT, + a
sT, +

X 1

dia L dia diag e " RT( s)diag — R(s
9 3 g 9 ( s)diag oS (s)

At s= !, the set of eigervaluesis identical to that of

T el'™ jIT, +a
1T, jIT + a

L(j!) = diag RT( jHRG!)

where
r__ r_ !
RG1) = diag = R(!)diag X (24)
(o] M

Using (24) and (11), the usual argumert gives

RT(JDRGH) 1
The lemma from [23] then implies that all eigervaluesof L(j! ) are in the convex hull:
[
co 0 MT, (j!'Te) 5 r=21;::00N; (25)



where

el'Tt jIT, +a

il
(JjtTe) 1T, jIT,+ a

Note that ( ) is independert of r. By the generalizedNyquist stability criterion [7], the systemis
stable if the setin (25) doesnot encircle 1.

Step 2: Let !, bethe critical frequencyat which the phase\ ( j!,T;) is for sourcesr:

j'T, +a
LT \eoee— = =
T jIT + a 2
Without lossof generality, wecanassumeT; T, forallr. Then!; !, forallr since! \T, = 11Ty
for all r. Thus, at ! I 1, the convex hull of (25) cannot encircle 1. At ! I'1, the setin (25)
doesnot encircle 1if, for all r,

MT, .
—L (it T)) < 1 (26)

We now show that this is implied by the conditions in the theorem.

For ! I;,wehave! T, I';T, !1T1=kys. Notice that the magnitude
s

(! Ty)2+ a?

JCit T = T, T2+ 2@

is a strictly decreasingfunction of ! T,. Hencefor all r

L. . T
FCiY ] i
0
S
Ko (1 1T1)2 + (ako)?
Ty (1aT)?+  2(ako)?
s

Ko 2+ (ako)?
2+ ?(ako)?

The last inequality follows from Lemma 5 below which implies that, for all r,

where is de ned in the theorem.
The condition (23) in the theoremthen guaranteesthat (26) holds. Sincex,q = , the conditions
(22) and (23) are equivalent. Hencethe proof is complete with the following lemma.

Lemma 5 Let

el jIT, +a

1T = . -

(it ) 1T, T+ a
where 0< < l1anda> 0. Then, for all r, ! 0,

. 11



Pro of. Let

j'Tr+a
| =
he(V) \j!Tr+a
| |
= tan ! T tan 1 LT
a a
Then
oy = @ T)T @ )a
’ (1 TP+ ad)((1 T)?+ 2a2)
p—
Since 2 (0;1), it can be cheded that the solution, !, = aT— of hY! ) = 0 minimizes the phase
h, (! ). Hence

\ he (1) tan 1P~ tan e =

which is independent of r. Moreover

= 1
t = -
an 2 Ept
Therefore
\ (j!'T) = ' T, §+\hr(!)

and hencethe lemma follows.

We remark on the implications of Theorem 4. In the caseof homogeneousound trip time, i.e.
ko = 1, the stability (23) becomes

2y 2g2

MmaxL < (27)
ra

Ty a
M is a bound on the number of bottleneck links in the path of a source. It is typically much less
than 10. ?—'r is the ratio of round trip queueingdelay and ertire round trip time ; both quantities are
available at a Vegassource. For the current network, this ratio seemsto be small (lessthan 5) for
long delay routes. Hence,a choice of designparametersa and that guaranteesthat the right-hand
side of the stability condition exceeds100 seemssafe. From Figure 1, this requires small a and
(e.g.,a= 0:01and = 0:001). Recall the de nition of (19) and (20): k. (t) = (T, (t)=¢ (t))=a and
r(t) = a (X ()T (t)=w). A small a implies a large k; (t), which meansthat the stabilized Vegas
reacts more aggressiely to price changeq; (t). A small a implies a small , which meansthat the
slope of (18) around equilibrium is small, yielding a smoother overall gain. For the heterogeneous
round-trip case,i.e. kg > 1, a smaller a than in the homogeneouss required to guarantee stability.

Example 2: Single link with homogeneous sources (c;d;N)
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Figure 1: The upper limit of Mq—rT'

For a direct comparison with the original Vegasstability, we consider a single link of capacity c
sharedby N homogeneoussourceswith round trip propagation delay d. For this case,the su cien t
condition of Theorem 4 with (M = 1 and kg = 1) is simplied to

S
24 g2
[oF :Tr > — Tzaz for all r
SinceT, = d+ ¢ andqg = =x, = N =cby symmetry, this condition is equivalent to
s — |
24 232

Hence,likethe original Vegas,it alsohasa larger stability regionwith larger queuelength  or number
N of sources. Furthermore, given and N, stabilized Vegascan choosea small (a > 0, 2 (0;1))
such that the right-hand side of (28) canbe larger than that of (14) for stability of the original Vegas.
This is illustrated in Figure 2 where the stability regionsin (14) and (28), for Vegasand stabilized
Vegasrespectively, are plotted, with (a; ) = (0:5;0:015)and = 20 packets, N = 100sources. W

The stability condition is only su cien t. Indeed, lessconsenative values can be usedfor a and

. For instance, the Nyquist plots of (M T,=g) (j! T;) for M T,=g = 100 are shown in Figure 3,

for the scenarioin Example 2 with a= 0:1 and 2 [0:001; 0:015]. Even though thesea and values

do not satisfy the stability condition of Theorem 4, the network is indeed stable, as showvn by the
Nyquist plots.

5 Discussion: implemen tation and deployment

The most attractiv e feature of TCP Vegasis its suitability for high speedlarge delay networks. In
this regime, window sizeis large and TCP Reno or its variants must maintain an extremely small
loss probability (e.g., on the order 10 19) in equilibrium. Using such a small probability reliably is
a great challenge.

Vegason the other hand has two advantages, both stem from the use of delay as a measureof
congestion. First, its implicit link algorithm has a built-in scaling with respect to network capacity,
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Figure 3: Nyquist Stability of ( j! T,) for Mq—rT' = 100with a= 0:1; = [0:001: 0:015]

which together with stabilized sourcealgorithm, can potentially scaleto much larger bandwidth delay
product. Second,eat measuremem of delay by a sourceprovides a much ner-grained estimate of
congestionthan the binary-valued lossor marking does. As capacity scalesup, it is easyto scaleat
the sourceto maintain the strength of the congestionsignal (delay) by scalingup the parameter.

The problem that delay may be excessie in the low bandwidth regime in order for Vegasto
reach equilibrium is much lesssewerein the high bandwidth regime. Moreover, problem with error in
propagation delay estimation and persistert congestion[19, 17] is also easedwith high capacity, as
bu ers empty more frequertly. Though there are other issueswith using delay for congestioncortrol,
it seemsthat unlesseCN is widely deployed, these problems are lessfundamertal than the intrinsic
di cult y of reliably using an extremely small loss probability for cortrol. Further study is required
to resolwe theseissues.

We now describe a viable strategy for stabilized Vegasto work with incremenrtal deployment of



new AQM and ECN. The link algorithm in Vegascomputesthe queueingdelay as follows:

p(t) = qi(y.(t) o) (29)

The division by ¢ is what gives Vegasthe built-in scalability with network capacity (see proofs of
Theorems1 and 4). As discussedin [17], Vegasexploits the bu er processto automatically compute
congestionprices, at the expenseof having to maintain a non-zeroqueueingdelay (theseare Lagrange
multipliers for the utilit y maximization problem Vegasis implicitly solving).

The link algorithm in the scalablescheme of [21, 22] usesthe sameexpressionasin (29) except
that instead of real link capacity ¢, a virtual link capacity that is slightly smaller (say, 95% of ¢)
is usedto explicitty compute the price pi(t). The advantage of using a virtual queueis that while
the pricesstill corvergeto their non-zerovalues,the real queuewill be clearedin equilibrium. Since
queuesare now empty, queueingdelay can no longer sere as a feedbadk signal. ECN marking must
be usedto explicitly feedbad the prices, e.g., using REM [2, 21, 22].

Imagine now a network with both typesof links, onedoesnot useECN nor perform AQM to clear
their queuesand one does. The rst type maintains a queuebut doesnot mark, while the second
type hasno queueingdelay but sendsa stream of marks to the sources.A sourceobsenestwo types
of feedbadk signals: aggregatequeueingdelay from type 1 links and aggregatepricesfrom type 2 links
(after REM estimation). Not only do thesetwo signalsnot interfere with ead other, their sumyields
precisely the total price in the path of the source! Hence, by observing both signals and summing
them, the sourceautomatically obtains the necessaryinformation for its control, without having to
know the type or number of links in its path. As more and more links convert to AQM with ECN,
the sourcealgorithm needsno upgrade. The only e ect is that queueingdelay steadily decreases.

6 Simulation results

In this section, we presert preliminary ns-2 simulation results to illustrate the behavior of the sta-
bilized Vegasalgorithm in the presenceof delay, especially compared with the original Vegasnear
equilibrium.

We simulate the scenariosof Examples1 and 2 with a single bottleneck link sharedby N homo-
geneoussources. The simulations usethe usually dumb-bell topology with N sourcesconnectedto
N destinations via tow routers. The accesdinks betweensources(or destinations) and their router
are non-bottleneck with zero latency, and the link betweenthe two routers is the only bottleneck
link with capacity ¢ MBytes/sec or ¢ padkets/ms with a xed padket sizeof 1 KBytes. The latency
betweenthe routers is d=2 ms. Routers do FIFO with Droptail and queue capacity is set to 20000
padkets sothe possibility of packet lossis negligible. All sourcesstart to sendpadket simultaneously.

We x = 20packetsand N = 100 o ws, and vary c and d. We presen three setsof simulations,
with (c;d) in dierent regionsof Figure 2, as shown in Figure 4. Simulation (a) is for small capacity
and delay in the intersection of both stability regions. Simulation (b) scalesup the capacity by 10
times, and simulation (c) scalesup the delay usedin (a) by 10times. Both (b) and (c) are outside
the stability region of the original Vegas,but still in the stability region of stabilized Vegas. For
both the original Vegasand Stabilized Vegasalgorithms, we set the target queuelength of eadh ow

= 20 pkts and N = 100 ows. The last two columns of Figure 4 show the equilibrium queuing
delay and the equilibrium queuelength calculated from [17].

The simulation results are shown in Figure 5. The rst plot of ead caseshows the total queue

length bu ered in the bottleneck link. The secondplots are the averagewindow size averagedover



link capacity | propagation delay || eq. queuelength | eg. window size
c [pkts/ms] d [ms] N [pkts] + ch [pkts]
(@) 100 10 2000 30
(b) 1000 10 2000 120
(c) 100 100 2000 120

Figure 4: Network parameters for ns-2 simulations and the resulting equilibrium queue and window:
(; N) = (20;100). For stabilized Vegas,(a; ) = (0:5;0:015).

the N sources. As expected, the original Vegasexhibits instability in cases(b) and (c), where the
stabilized Vegasremains stable.

7 Conclusion

In this paper, we have preseried a detailed analysis of Vegasstability in a generalmulti-link multi-
sourcesetup with heterogeneoudorward and badkward delays. We have derived a stability condition
that suggeststhat Vegascan be unstable in the presenceof delay. We have proposeda small modi-
cation that stabilizesit in the presenceof large network delays.

Vegasis particularly attractiv e for high speed network becauseof its built-in scalability with
network capacity. In the high bandwidth regime, the potential problem with persistert congestion
of Vegasis alleviated. Moreover, it avoids the intrinsic dicult y of having to corntrol basedon
extremely small lossprobability, as Reno must. Despite theseadvantages,there are issuesassaiated
with delay-based congestioncontrol that must be resolved, especially incremertal deployment. We
have described one aspect of this: how Vegassourcecan work gracefully asthe network migrates to
an ECN-based AQM.

Many challenging problemsremain, but we believe, given our understanding of Vegas'equilibrium
and stability properties, that it is worthwhile to further explore this alternative for high speed

networks.

Acknowledgmen ts: We are grateful to John Doyle, Fernando Paganini, Jiantao Wang, Zhikui
Wang, for helpful discussions.
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