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Chapter 1

Introduction

The huge expansion of the Internet coupled to the emergence of new (in
particular, multimedia) applications pose challenging problems in terms of
performance and control of the network. These include the design of efficient
congestion control and recovery mechanisms, and the ability of the network
to offer a good Quality of Service (QoS) to the users. In the current Internet,
there is a single class best effort service which does not promise anything to
the users in terms of performance guarantees. The forthcoming deployment
in the Internet of differentiated services (known as diffserv !) will be a first
(long awaited) step towards the support of various types of applications and
business requirements. It is however doubtful that Diffserv — that will mark
each packet to receive a particular forwarding treatement, or per-hop behav-
ior, at each network node — or the RED mechanism for congestion avoidance
in gateways [6] alone will solve all QoS issues raised by real-time applica-
tions. Diffserv and RED are two instances of a general approach that aims
at adding more intelligence in the network. A more ambitious component of
this approach is captured in the concept of active networking [20] that aims
at exploiting mobile code and programmable infrastructure to provide rapid
and specialized service introduction.

Another and complementary approach for providing QoS guarantees is to
add intelligence in the applications. This idea is to provide applications with
enough knowledge on the network so that they can use this information to
adapt their transmission rates to current network conditions. Since it is im-
possible to monitor every link on the Internet, network internal static (e.g.
bandwith of a link) and dynamic (e.g. available bandwith on a path) charac-
teristics have to be estimated from end-to-end measurements when available,
or only from measurements performed by the sender based on feedback infor-
mation (e.g. packet losses) delivered by the network (e.g. RTCP feedback).
Estimation schemes based on the packet pair technique [8, Ch. 4] have been

"http:/ /www.ietf.org/html.charters/diffserv-charter.html



devised for estimating bottleneck bandwidths [1, 4, 12| and the available
bandwith for a path between two hosts on the Internet [4, 7, 9, 12]. In a
different context, estimating traffic parameters in queueing systems with lo-
cal information have been devised for estimating the traffic intensity on the
entering node of the network for the Call Acceptance Controller (CAC) in
ATM networks [15].

Measurements may also be used to estimate some network internal charac-
teristics via inference models. The inference methodology has been applied
to estimate loss rates on internal links [3], the optimal amount of redundant
information to be used in an adaptive FEC-based error control algorithm for
Internet telephony [2], traffic matrices from measurements of aggregate flows
taken in a number of points in a network [18, 19|, the internal structure of a
multicast tree [13] and loss rate and delay distribution [16].

In this work, we develop simple inference models, based on a finite capac-
ity single server queue, for estimating the buffer size and the intensity of
cross traffic at the bottleneck link of a path between two hosts. Several
pairs of moment-based estimators are proposed to estimate these two quanti-
ties both in the case when end-to-end measurements are available and when
only measurements at the sender are available. The performance (speed of
convergence, variance, robustness to statistical assumptions and to network
topology, etc.) of these estimators are then evaluated and classified through
simulations developped in ns [11].



Chapter 2

Why inference models?

Often direct estimation of Internet performance parameters leads to esti-
mators with a large variance, which is unsuitable for real-time applications.
These applications suffer a degradation in quality, whenever losses exceed
a certain percentage, jitter delays become important and delays get large.
When an estimator has a large variance, the rate of the real-time application
mismatches the available capacity in the network. This results in a quality
of service different from the expected one.

Estimation of network characteristics and performance metrics via inference
based models is an emerging area of research. For the first time this year
an entire session was devoted to this topic during the annual INFOCOM
conference!. For us, an inference model is an a priori mathematical model
of a physical system (a route in a network in our case) that will allow us
to estimate non-observable characteristics of the system from the available
data set (e.g. end-to-end measurements in the network setting).

As usual in estimation theory, a "good" estimator must capture several de-
sirable properties; it must preferably be unbiased, efficient, consistent (see
Section 5.4 for a refresher on these notions) but also in our context easy to
implement without interfering on the performance of the network (no latency
added, etc.).

As an example, we will discuss the inference models used in [13] and [16]. In
[13], end-to-end measurements were used in inferring the internal structure
of a multicast distribution tree. In a first step, correlations of loss patterns
across the receiver set were noted and how the network perturbs the fine-
grained timing structure of the packets sent from the source was measured.
This led in a second step to the determination of both underlying multicast
tree structure as well as the bottleneck bandwidths. In [16], an algorithm

'JEEE INFOCOM’99 Conf., New York, March 23-25, 1999.



that collects a histogram of the occupancy of a single-server queue at packet
arrival times was outlined. This algorithm also infers the loss rate and delay
distribution from such measurements.



Chapter 3

The M+M/M/1/K queue

Part of the material presented in this chapter is due to P. Nain and D.
Towsley.

3.1 The model

We model an Internet connection by a single queue representing its bottle-
neck. The buffer is finite with room for K customers, K — 1 customers in
the waiting room and one customer in the server. The incoming traffic at
the bottleneck is modelled as two independent Poisson sources: the probe
traffic generated by a foreground source with rate 7, and the cross traffic
generated by a background source with rate A. Service times are assumed
to be i.i.d. random variables with exponential distribution with mean 1/u,
further independent of the arrival processes (see Figure 3.1).

K

e 2

Figure 3.1: The model

The exponential assumption models the fact that the packets length is
variable, some packets being small like the acknowledgments of TCP traffic,
others being ten times larger. The traffic intensity is defined as

A4y
—M .

(3.1)



We are interested in the behavior of the system from the perspective of
the foreground customers. This includes stationary measures such as ex-
pected delay, loss probability, server occupation and a number of additional
statistics associated with the foreground loss process, namely, the probabil-
ity of two consecutive losses and the probability of two consecutive successes.

Let {Qn}52, be the process of the number of packets in the buffer at time
of the n-th arrival from foreground source, and let @ = lim,, .o Q.'. The
distribution of @ is

It is known that [10]

1—p)pt ,
. = %, i=0,1,..., K. (3.2)

3.2 The loss probability

We focus here on the loss process. We define X,, = 1{Q,, = K} and
X = lim,,_,oo X,,. A customer is lost whenever it arrives to a full buffer.
In other words, customer n is lost whenever X,, = 1 and is not lost other-
wise. Let {a,}02; and {d,}2, be the arrival times to the system and the
departure times from the system, respectively, of the n-th foreground cus-
tomer, n = 1,2,.... When a packet is lost, it never reaches the destination.
We shall assume that d, = co if X, = 1.

The probability that a foreground customer arrives to find the system full,
and is lost, is

P, == P(X=1)
= P(Q=K)
_ K
T %. (3.3)

Observe that the expression for Py, can be used to give the following expres-
sion for K in terms of p and Py,

I A
= ogp lg(l—p(l—PL)>' (3.4)

'A word on the notation. Let {Z.}n» be a sequence of random variables taking values
in [0,00). Assume that limp ..o P[Z, < 2] exists for all z > 0. Then Z = limp— oo Zn
designates any random variable such that P[Z < z] = limp— oo P[Z, < 2]




3.3 The server occupation

The second metric of interest to us is the occupation U of the server, defined
as the probability of a non-empty queue. The server occupation is
U = P(Q>0)
= 1-P(Q=0)
= 1-m 0

1-p
1_pK+1

1— K
- (i) @9
= p(1-Pp). (3.6)

= 1-

Again, we can derive from the expression for U the following expression for
K in terms of p and U,

K = li.log (M) (3.7)

3.4 The expected response time

The expected response time is an interesting metric and of relative impor-
tance depending on the application and its needs. To express this quantity,
we first define T, as the response time of the n-th foreground packet. It
follows that T, = d,, — a,. Again, let T = lim,, .o, T, then, the expected
response time is

R = E[T|X=0]
K—1; .
Zi:O (Z + 1) ﬂ-(l) (3 8)
p(l = 7k)
since a customer waits for (i + 1)/p units of time if there were already i

customers in the queue; 1 — 7 is the probability of a success. Using (3.2)
we can write

1 1-p =
R = ( K+121+1)

p(l— k)
K-1 ' K-1 K
Note that Z% (i+1) p* is the derivative of Z; pit=p T with respect
to the variable p. Hence,
PK
R = - K 3.9
1—7TK ((1 p) K“) 1—pK+1) (39)
1 K TK
S (3.10)
p(l=p) p(1-p1-7g)

7



In other words, R is the expected response time of non-lost foreground cus-
tomers. The last expression for R, which was derived from (3.9) and (3.2),
will prove useful. We can express R only in terms of p and K by replacing
7wk given by (3.3) in (3.10). This gives

1 K pK

B= p(l—p) u1—pK (311

Observe that the expected response time of non-lost foreground customers
is larger than or equal to their expected service time, namely,

R > -. (3.12)

3.5 The conditional loss probability

The next metric we are going to study is the conditional loss probability, or
in other words, the probability that two successive losses occur. To be able
to express this conditional probability, we define p; ; = P(Qn = j | Qn—1 =
i), 0 < i,j < K. The following equations describe the behavior of these
probabilities:

{j =i+ 1}y + Apig1j + ppi-1,

ij = 0<i< K, 0<3<K
1{j =1}y + Ap1 .
.= ’ 0<< K
pO,] ,y_i_)\ _.7_
1{ =K 1
S {7 Y+ upr -1 0<j<K
Y+ u

The conditional probability ¢r that a foreground customer is lost given that
the previous foreground customer is lost is ¢, = px k- qr is in fact what we
have defined as the conditional loss probability.

To be able to derive a closed form expression for ¢z, we define N(¢) to be
the queue length of the system with the foreground source removed (y = 0)
at time ¢ > 0. Let P, x(t) = P(N(t) = k| N(0) = 7). We have the following
differential equations:

d
SPo(t) = —APio(t) + nPia(t) (3.13)
d
SPK(t) = —uPk(t)+ APk (t) (3.14)
d
ZP) =~ 4 WP(0) + APiga () + wPin(t) k=12, K 1

(3.15)



fori =0,1,...,K. Define P;(z,t) = ZkK:O P; (1) z¥. Then,

d d .
e Piet) = 2 ) Pi(t)z
k=0
K g
_ it k
= szt MOE
k=0
K-—1
d d d
_ ) %p ko 2p K
Z(dt ,o(t)+k:1dt (t) 2" + - Pik(t) 2 )

Using equations (3.13) — (3.15) and after some algebra we get
d
e Pi(zt) = (1-2)[(n = A2)Pile,t) = uPio(t) + A" 1P ()]
(3.16)

Now we consider the Laplace transform of Pi(z,t), Pf(z,5) = [;* e”*'P;(z,t) dt.

Replacement of this in (3.16) along with the use of the following relation

/ e ’ Pi(z7t) at = SRL-*(Z,S) —R(Z,O)
o dat

and some algebraic manipulations yields

27— u(1 = 2)Pry(s) + A1 — 2)25 L Pr
Pi(z,5) = i Miolo) + A0 — 2)z () (3.17)
sz—(1—2z)(p—Az)
where P}, (s) = [, e *'Pix(t)dt, k = 0,1,..., K. The denominator of the

right- hand side of (3.17) contains two zeros,

At pu+s—/A+p+s)? -4\

als) = 2
At p+s+ /A +p+s)2 -4\
w(s) = 2

for R(s) > 0. As P(z, s) is analytic, the zeros of the denominator must also
be zeros of the numerator. More precisely, the numerator must satisfy

7 (5) = (1= zu(9)[Pio(s) = Aze()F Pk (s)] = 0, k=12
These two equations can be solved to yield

Pry(s) = 22(8) a1 () KH (L — 2a(5)) = 21() ™ Hea(s) KH(L — 2 (5)) !
n0 21 (s)H = 25(s)KH)
22(8) (1 — 2a(s)) P — 2 ()L — 2 (s))
A(z1(8)KHT — 29(s)KH1) '

Plxls) =

2

9



Now, qr, is

qr = P(Qn:K|Qn—1:K)
= ’}// e_'ﬂ’PK,K(t) dt
0

= YPg k(7)
7(1 — () = [a(/a0)F A - a()

= 3.18
N ()22 ) (319
Expression (3.18) for ¢z, can be inverted to obtain
= e -20) " +a)) —lg(y(l -z +aud) |
log z1(7) — log 22(7)
(3.19)

3.6 The conditional non-loss probability

Another metric can also be calculated. It is the conditional probability that
a foreground packet arrives to find room in the buffer given that the previous
foreground customer was also admitted. We shall refer to this probability as
the conditional non-loss probability and it will be denoted by ¢qn. We have

v = P(Quy1 # K|Qn # K)

_ Ki P(Qui1 # K,Qu =1,Qu # K)
e P(Qn # K)
= P(Quir # K| Qu =) (i)
P 1—7(K)
 E 1= PQui = K[Qu = i) 7 (i)
B 1—n(K) :

Il
)

¢

Recall the definition of P; x(t) = P(N(t) = k| N(0) = i), where N(¢) is the
queue-length at time ¢ when v = 0 (no foreground customers). Since the
n-th foreground customer is accepted in the system when @, =i < K, we
have

P@uit =K|Qu=i) = [ Pass(®reas
0

= VPiH,K(V)

oo
fori=0,1,...,K 1, with P?,(s) = /0 e Py (t) dt.

10



Therefore,

K—-1 .

i () (i)

_ g 5 BTl
" [P i

Recall the formula obtained for P} (7). With a = 25(7) and b = z1(y), it
reads

* /(1 —a) =1t /(1 =0
) = L (bK+)1_aK+/1() )

for j =0,1,..., K. Finally,
gy = 1- (%) (11__,0/;() (bK+1 i aK+1>
- [(1a_2a) (1 IEP;ZK) - (111,) (1 IEpZ;Kﬂ . (3.20)

11



Chapter 4

The M+M/D/1/K queue

4.1 The model

We still consider the model introduced in Section 3.1 but we now relax the
assumption that the service times are exponentionally distributed. Instead
we will assume that the service times are constant and equal to 1/p. In
the previous chapter, we explained our choice for exponentially distributed
service times by the fact that various packet lengths are possible. Taking
into consideration that packet lengths may not be so variable to justify the
choice of an exponential distribution, we study here the extreme case: the
service times are taken to be constant (i.e. all packets have the same length)
with value o = 1/p. Recall the definition of the traffic intensity
A+

= = (4.1)

Again, let {Q,}52, be the process of the number of packets in the queue
at time of the n-th arrival from foreground source and let @ = lim,, 0 Qn-
Some preliminary results must be introduced before the computation of the
stationary distribution of Q.

Let F(6) = El[exp(—6o)] (R(6) > 0) be the Laplace-Stieltjes transform
(LST) of the service time distribution. Since we consider a constant service
time, this transform rewrites as F(6) = exp(—6o). For p > 0 and |z| < 1,

define
G,(z) = f(@) .
= exp (—@) -2z
= e P72 _ (4.2)

12



For p > 0, we denote by zy(p) the zero of G,(z) having the smallest modulus.

To express the stationary distribution of @, we base our calculus on Co-
hen’s analysis of the M/G/1 queue with finite waiting room [5, Chapter
II1.6]. Introduce the parameter B defined as

P 1 dz
B = 1+ — — 4.3
* 2mi fDT gp(z) 2Kl (43)

with D, any circle in the complex plane with center 0 and radius strictly less
than z9(p)!. According to the results obtained by Cohen [5, page 575], we
have

1
= (4.4)

, 1 1—er0=2 gz .
PQ=1j) = 2m'Bfir i =L K-

1 1 1—er(l-2) dz
PQ=K) = 2miB jih er(=2) — (p— 1—2z ) KT

Using expression (4.2), the last two expressions rewrite as

. 1 1—2z dz .
PQ=j) = 27”,372 (gp(z)_l)'Z’ i=1,... K—1(45)

R T

The integrals in the right-hand sides of (4.5) and (4.6) can be evaluated by
the theorem of residues [17]. More precisely, the formula which is to be used
is

j{f(z)dz = ZWiZRes[f,zk] (4.7)
¢ k=1

where (z1,...,2,) are the poles of the meromorphic function? f inside the
circle C'. To calulate a residue, use the identity

(1) :
Res(f,zx] = G _1 ol (sz—1 (z — zk)Jf(z)> (4.8)

Z=Z

la point z in the complex plane is considered to be smaller than another point z' if
|z| < |2'].

A meromorphic function is a rational function, i.e. it has no essential singular points;
for instance f(z) = e(!/#) is not a meromorphic function since 0 is a singular essential
point.

13



where j is the multiplicity of pole z.

It must now be clear that

1 1 dz

— — —— =1
2mt Jp, 1—2z 2K-1
and
1 dz .
T Jp, *
Hence, (4.5) and (4.6) rewrite as
PQ=J) = 3 |5 1 =1)
77 B |2n D, g,,(z) zj 2w gp zj_l )=
(4.9)
P(Q=K) = — 1 4.10
Q=5 = 557 o et (4.10)

Using (4.7) and (4.8), we find

1 1 - 0 ifj=1
2mi }é G,(z) 21 ) Res [g,,(z> jl,l,o] ifj=2,3,...

1 1 1 462 1
e [QM FO} ~ (-2 (dzH gp(z))zzoz aj(p)  (411)

where a;(p) = [zj_Q]g - We denote by [2"]f the coefficient of z™ in the
Taylor series expansion of f. Finally, from (4.3), (4.4), (4.9), (4.10) and
(4.11), the distribution of @ is given by

0 = PQ=0) = m (4.12)
m o= PQ=1) = % (4.13)
m = PQ=j) = O‘jif’l’o);;z‘;g”), j=2,...,K—1 (4.14)
Tk = PQ=K) = 1+1(J’:;;L‘z‘g(p). (4.15)

m; is the probability of having j customers in the queue.

14



4.2 The loss probability

Recall the definition of X, introduced in the previous chapter, X,, = 1{Q,, =
K} and X = lim, o0 X,. A customer n is lost whenever X,, = 1 and is not
lost otherwise.

The probability that a foreground customer is lost, is the probability that it
finds the system full, namely,

P, = P(X=1)
- PQ=K)
= i = 1+(p_1)aK(p)‘ (4.16)

1+ pak(p)

4.3 The server occupation

The occupation U of the server was defined as the probability of a non-empty
queue. The server occupation is

U = P(Q>0)
= 1-P(Q@=0)
1_ 1
1+ pak(p)
__rak(p)
-~ 1+4pak(p) (4.17)

4.4 The expected response time

Recall the expression for the expected response time of non-lost customers
in M+M/M/1/K queue (3.8)

n o X% G+ 7()
p(l — mx)

This expression provides an upper bound for the expected response time in
a M+M/D/1/K queueing system, since the expected residual time in that
queue is clearly less than the expected service time (while in the M+M/M/1/K
queue both quantities are equal, thanks to the memoryless property of the
exponential distribution).

In the following we will use this upper bound as an approximation for R. It

is however worth pointing out that an exact (but involved) formula can be
derived for R in the case of the M+M/D/1/K queue (see [5, Chapter III.6,

15



page 577]). Using equations (4.12), (4.13), (4.14) and (4.15), we can write

Koag(p) -1 - 315" a;(p)

R — 4.18
hax () (419)
Recall that a;(p) = —— (d(“) ! ) =2,3,... K
eca. at a;(p) = — ' 5 , J=2,9,..., .
G- oi\& 76,0 _

Again, note that the expected response time of non lost foreground cus-
tomers is larger than or equal to the expected service time, namely,

1
R > -~ 4.19
2 (4.19)

From (4.18) and (4.19), we obtain the following condition

K-1
Kag(p)—1->_ aj(p) > ax(p)

Jj=2

14+ 305 ai(p)
K -1 )

ak(p) = (4.20)

16



Chapter 5

Using the inference model

5.1 An inference question

Till now, we have introduced two models for a connection. In the first model
we were able to identify five parameters describing the quality of service
provided to the foreground source, namely, (3.3), (3.5), (3.11), (3.18) and
(3.20),

p — (d=p)p"
L = 1— pK+
1—pi
V- p<1—pK+1>
R — 1 K pX

w(l=p) W 1=K
w = (3) (B b

[b/a]E+T 1
wo= 1 () () (o)
2 — (pa)K 2 (oK
=) () - () (2).

X
where
A p+y+V O+ +79)? -4
a = () -
2
Aty =V +p+7)? -4
b= z1(y) = .
2\
. Aty . .
Since p = , all these equations are expressed in terms of A\, 4 and K.

17



In the second model we were only able to identify three parameters, namely,
(4.16), (4.17) and (4.18),

14+ (p—1)ak(p)

P =
t 1+ pak(p)
v - _rox(p)

1+ pak(p)
R Kag(p) —1- Y55 a5(p)
1o (p)
1 dU-2) 1 . 1
: — [ 5
where a;(p) = G- (dzj—Q g,,(z)> . = [z ]Qp(z)’ j=2,3,....K.

Since a closed-form expression for a;(p) is not available, the only way to

have an expression for it is to use a symbolic computation software, such

as Maple V, that can give [2/72] gpl(z) for a fixed j. Looking at expression

(4.18), we see that there are K + 2 unknown quantities including R. For this
reason, expression for R cannot be used to estimate A and K. In fact, only
equations (4.16) and (4.17) are useful at the moment.

Our purpose is to use these models to infer the buffer size and the inten-
sity of cross traffic at the bottleneck link of a path between two hosts. The
bandwidth of the bottleneck is supposed to be known, since various methods
are available to estimate it [1, 4, 12]. The problem is therefore the following:
How can we infer estimates \, and K, from the observations collected by
the first n probe packets?

Only two equations in terms of A and K are necessary for this. In other

words, A and K, can be inferred from two equations to be chosen among
(3.3), (3.5), (3.11), (3.18) and (3.20) for the M+M/M/1/K. This gives rise
to ten possible schemes for estimating A and K, namely,

1. Estimate Pp, and U and use equations (3.3) and (3.5) to determine p,,
and K, (hereafter referred to as scheme I).

2. Estimate Py, and R and use equations (3.3) and (3.11) to determine p,
and K, (hereafter referred to as scheme II).

3. Estimate Pr and ¢r and use equations (3.3) and (3.18) to determine
pn and K, (hereafter referred to as scheme III).

4. Estimate P, and ¢xn and use equations (3.3) and (3.20) to determine
pn and K, (hereafter referred to as scheme IV).

5. Estimate U and R and use equations (3.5) and (3.11) to determine p,
and K, (hereafter referred to as scheme V).

18



6. Estimate U and g1, and use equations (3.5) and (3.18) to determine py,
and K, (hereafter referred to as scheme VI).

7. Estimate U and ¢y and use equations (3.5) and (3.20) to determine p,
and K, (hereafter referred to as scheme VII).

8. Estimate R and ¢z and use equations (3.11) and (3.18) to determine
pn and K, (hereafter referred to as scheme VIII).

9. Estimate R and ¢y and use equations (3.11) and (3.20) to determine
pn and K, (hereafter referred to as scheme IX).

10. Estimate ¢, and gy and use equations (3.18) and (3.20) to determine
pn and K, (hereafter referred to as scheme X).

For the M+M/D/1/K model, only two equations are available. Estimating
Pj, and U and using (4.16) and (4.17) will provide fj,, and K, (hereafter
referred to as scheme XI).

In total, eleven schemes are available. Based on simulations and analysis, we
will try to identify the best one for criterias such as: fast convergence, small
latency added at the source, minimum variance, existence and uniqueness of
the solution, biased or unbiased estimators, etc.

5.2 Solving for the equations

Analytical solution for each scheme is hard to find since some expressions
like (3.11) and (3.20) cannot easily be inverted. However, it is possible to
prove the existence and the uniqueness of the solutions except for scheme IX
as none of the equations giving R and gy could be inverted. We will discuss
here only a few schemes.

5.2.1 Solving for scheme I
The two equations considered here are (3.3) and (3.5)

(1-p)p¥
L 1— pk+1
1—pi
Voo p(l—pK+1)
= p(1—-Pyp).
It follows
_ U
P = 1-p
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Using (3.7), we find

log(Pr/(1—U))
log(U/(1 = Pr))’

K

To obtain A, use the relation

wU

)\ _
1—-p,

Observe that whenever U = 1 and P, # 1, K cannot be computed with this
scheme. In this case the solution returned is K = oo.

5.2.2 Solving for scheme XI

This scheme still involves Pr, and U, but this time for the M+M/D/1/K
model. The equations are (4.16) and (4.17)

1+ (p—1) ax(p)
L+ pak(p)
p ok (p)

1+ pak(p)

P, =

As already mentioned, no analytical expression for ax(p) is available. To
obtain K and A, we therefore proceed as follows. First, we compute

_ U
p 1-P,
and
1-p
= ) 1
ak(p) T (5.1)

Since a numeric value for p is available, we use a symbolic computation soft-
ware, such as Maple V to compute the coefficients [zj_2]ﬁ for a certain
range of j and compare them with the value obtained for ax(p). The closest
match obtained for j* will provide K = j*. As before, to obtain A, use the
relation

wU

)\ _
1—-p,

When U = 1 while P;, # 1, (5.1) returns ax(p) = oo. No match is found

with any of the coefficients in the Taylor series expansion of ﬁ and K is

undefined. Notice that pr' and pxr have the same expression, hence both
schemes I and XI return the same estimated value for A.

!We mean by this notation "p provided by scheme I"
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5.2.3 Existence and uniqueness of the solution of scheme V

Scheme V involves equations (3.5) and (3.11)

1—pK
V- p(l—pK“)

1 K pK

R = — . (5.2)
p(l—p) pl=pk
Another expression (3.10) for R was found to be useful here
1 K
R = = UL (5.3)

pl=p) p(1-p)1-7k)

which is obtained from (5.2) by using (3.2). Using (3.6), 7k can be expressed
as

k. = 1—=U/p, (5.4)

to yield from (5.3)

R = - = . (5.5)
Recall the relation (3.7) for K
1 1-U/p
K = -1 .
logp ° ( 1-U )

Plugging equation (3.7) for K into (5.5) gives

S S L N Y G
= p(l—p) MU(l—p)logplg'(p(l_U))' (5.6)

Observe that necessarily p > U. For p > U, introduce the mapping

1 z—-U z—-U
f@) = ,u(l—:r)_,uU(l—x)logxlog(x(l—U)>_R' (5:7)

If one can show that the equation f(z) = 0 has a unique solution in [U, c0),
then this solution will give us p, and subsequently K by using (3.7). Propo-
sition 5.2.1 shows that this is indeed the case.

Proposition 5.2.1 For any constants p >0, 0 < U <1 and R > 1/u, the
equation f(x) = 0 has a unique solution in [U, o).

Proof.
Define

g(x) = Ulogz—(x—0U) log (xx —

ﬁ) —pRU (1 —z) logx
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for x > U. Hence (5.7) rewrites as

f@) = uU(lg—(a;U)) logz (58)

Denote by ¢(")(z) (resp. ¢®(x)) the first (resp. second) order derivative of
g(x). We find

1 U
¢V(z) = uRU logz — pRU Ta) — log (%) (5.9)

1=0)
and
g7 (@) x + x? z(x—U)
U h(x)
= = 1
22 (z =) (5.10)
with
hz) = pRx(z—U)+upuR(z—-U)—=x
= pR(z-U)(x+1)—=z
= pRz?>—[1 — pR(1 —U))z — uRU. (5.11)
The function h(z) has two zeros
1—pR(1-U)—-+/[1—puRQ-U)]2+4p2R2U
xT =
! 2uR
N pR(1—U) ++/[1 — pR(1 - U)]2 + 42 R2U
2= 2uR )
It is clear that z1 < 0. As for zy, notice that h(U) = —U < 0. Since

h(zg) = 0 and limy_ 1o h(z) = +o00, it follows that x9 > U. Hence the
function h(x) has only one zero in [U, 00).

Looking at expression (5.8), we can say that the zeros of g(z) are the zeros
of f(x); however, the value x = 1 is a particular case. We have g(1) = 0,
¢M(1) =0 and ¢®(1) = 2uRU — U/(1 — U). By applying I'Hopital’s rule
to the right-hand side of (5.8), we see that f(1) is well-defined, with value

f) =

= . (5.12)

f(1) = 0 if and only if ¢ (1) = 0 ie. if 1 —2uR(1 — U) = 0. Therefore,
unless this condition is satisfied, the zeros of f(z) in [U, c0) are the zeros of
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g(z) in [U,00) — {1}; for 1 — 2uR (1 — U) = 0, the zeros of f(z) in [U, co)
are the zeros of g(z) in [U,c0). In that case, (5.11) rewrites as

ho) = ﬁ (z* = 2(1—-U) - U)
and z; = 1 and 29 = —U. Three cases are to be studied depending on
whether z1 is less, equal or greater than 1. In each case the variations of the
functions g(x) and f(x) are studied. We aim to show that g(x) has a unique
zero in [U, 00) — {1} when ¢(®(1) # 0 and a unique zero in [U, o0), located
at the point z = 1, when ¢(®)(1) = 0, which will conclude the proof. The
following limits are easily calculated

lim ¢®@(z) = 0

r—-+o00

lim ¢?(z) = —

lirin gV (z) = +o0

lim g(z) = +oo.

r——+o00

e U<z <1

T U T 1 +00
h(zx) - 0 + + +oo
9D (z) |- + + 0

()0 — 0

g(x) //(f \_Né%%—oo
-z | + + 0o -
logx - - 0 +
fl) | + 0 - ) -

Figure 5.1: U < z; <1

We conclude from Figure 5.1 that g(z) has a unique zero in [U, c0)—{1}
when U < 7 < 1. This zero is located in [U, 1)

e x1>1
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h(x) — ‘ + +00
9P (@)oo - 0+ 0
¢VO@)F = o F
gla) | =0 = g
1—2z + - | —

logx — + +

f(z) + f) o+ 0 =

Figure 5.2: ; > 1

We conclude from Figure 5.2 that g(z) has a unique zero in [U, co) —{1}
when z1 > 1. This zero is located in (x1,00)

e x1=1(Ge 1-2uR(1-U)=0)

T U Ty =1 400
h(z) - + +oo
9 (z) ~oo — + 0

glz) | = o+ T
1—-z + —
logx — +
f(=) + -

Figure 5.3: 1 =1

In this case (cf. Figure 5.3), g(z) has only one zero in [U, co) which is
r1 = 1.

5.2.4 About the other schemes

As for the eight schemes left, existence and uniqueness of the solution of only
scheme IT has been proved by P. Nain and D. Towsley. Proofs for schemes
III, IV and VI through X are still to be done.

Schemes II through X were solved for numerically with Maple V. To do
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so Maple uses a variation on Newton’s method, thus producing approximate
solutions.

5.3 Calculating the moment-based estimators

We have at our disposal the first n samples of {X;}, {a;}, {d;}, and we know
v and p. Let U(n), Pr(n), R(n), jr.(n) and jy(n) denote the estimators of
U, P, R, q1, and qy, respectively. They are defined as (n =1,2,...)

Pr(n) = % 2:;)( (5.13)

On) = % Zn:l(ai £ di — a;) (5.14)
=1

B(n) = 2?212(31?:—1 ()1(2(;)_ %W o g(l_m >0 (5.15)

gr(n) = % for §Xi>0 (5.16)

in(n) = Z?—llf:__ ;;(”i‘(fl);XH) for §Xi<n (5.17)

where o; denotes the service time of the i-th foreground customer (assumed
to be available).
5.4 Desirable properties of estimators

If a comparison is to be made among several estimators, it is useful to have
in mind the main properties of a good estimator [21]. Namely:

e No bias: an unbiased estimator is one that is, on the average, right on
target. Formally, the definition is,

0 is an unbiased estimator of § if E(#) = 6.

An estimator is called biased if E(f) is different from 6; in fact, bias is
defined as this difference,

Bias 2 E(f) — 6.
The distribution of § is said to be "off target".

o Efficiency: As well as being on target on the average, we also like the
distribution of an estimator 8 to be highly concentrated, that is to have
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a small variance. This is the notion of efficiency. 6 is said to be more
efficient if it has a smaller variance. Formally, the relative efficiency of
two unbiased? estimators is defined as

A V&I‘éQ

Relative efficiency of 6, compared to 6, & ==,
varth

e Consistency: Roughly speaking, a consistent estimator is one that con-
centrates completely on its target as the sample size increases indef-
initely. In the limiting case, as the sample size becomes infinite, a
consistent 6§ will provide a perfect point estimate of the target 6. For-
mally,

6 is consistent iff B(§ — 0)?> — 0 as n — .

The mean squared error is related to bias and variance by the following
theorem,

~

E(6 — 0)? = bias()? + vard

which has the important corollary: f is a consistent estimator iff® its
bias and variance both approach zero, as n — oo. If only the bias
approaches zero, the estimator is called asymptotically unbiased.

E(6,—6)>
E(6,-6)2"

For biased estimators, the definition of efficiency is
3iff is an abbreviation for "if and only if".
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Chapter 6

Simulation results and analysis

6.1 Traces generation

The series {a;}, {d;}, {Xi} and {0, } were extracted from traces generated by
ns [11]. In total, sixteen traces were generated. For each trace, the following
parameters were varied either singly or in combination with others:

e Topology of the network: three different architectures were tried, start-
ing with a unique link between two nodes, till having three links in
cascade.

e Link bandwidths and bottleneck location: in the case of more than
one link, link bandwidth values were varied to have all the possible
locations for the bottleneck link.

e Amount and type of cross traffic: three cases were studied, in the first
one (hereafter referred to as case A), cross traffic was generated by a
single Poisson-like source!. In the second case (hereafter referred to as
case B), cross traffic was generated by an FTP application over a TCP
agent. In the third case (hereafter referred to as case C), three flows
were aggregated to give the cross traffic: two TCP flows and a CBR
flow.

o Packet length: Each flow has a fixed length for its generated packets,
but packets length varied from a flow to another. In case A, background
and foreground traffic had packets of constant length equal to 100
bytes; in case B, probe packets length was 100 bytes and TCP packets
length was 500 bytes. In case C, probes TCP and CBR packets length
were 50, 450, 500 and 800 bytes respectively.

!The packets generated were of the same length, only interarrival times where random
variables with an exponential distribution of rate A.
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e Run time: When run time is changed, the number of collected samples
varies. All simulations had the same run time to collect 5000 probe
packets, except for one where the number of collected probe packets
was 50000.

The foreground traffic was generated by a Poisson-like source, interarrival
times were i.i.d. random variables having an exponential distribution with
rate v = 250ms~'; however packet lengths were not random variables as all
generated packets had the same length. For each simulation, the buffer at
the bottleneck had room for six customers. For case A where the background
traffic was Poisson-like, the rate was taken to be A = 950ms—!. For cases B
and C, the mean rate for foreground traffic was measured as the number of
foreground packets arriving to the bottleneck link over the run time.

6.2 Estimating foreground traffic and buffer size

Having at our disposal {a;}, {di}, {Xi} and {o;} for the n first packets, the
moment-based estimators are calculated according to formulas (5.13), (5.14),
(5.15), (5.16) and (5.17). At this point, P(n), U(n), R(n), 41(n) and gy (n)
are plugged into equations (3.3), (3.5), (3.11), (3.18), (3.20), (4.16) and
(4.17). The eleven couples of equations referred to as schemes I through XI
are then solved numerically using Maple V to give the estimated parameters
) and K. Results are reported in the appendix for each simulation. Schemes
giving the best results for each simulation are tabulated in Table 6.1.

6.3 A first analysis of the results

Looking at the plotted results for each simulation, we observe the following:

o There are three groups of schemes giving similar results. These groups
are: schemes IIT-IV -X, schemes I-VII and schemes II-IX. This
fact is not surprising in the case of the first group, since the three
schemes involve estimators Py, q;, and ¢y, which calculation is based
on the {X;}. It is the case when only measurements at the sender are
available. As for the other two groups of schemes, scheme T uses U and
Pr, and scheme IT uses U and gy, scheme IT uses R and Py, and scheme
IX uses R and ¢gn. Hence, to classify the schemes within each group,
we must look at the cost and latency they introduce in the application.

e Schemes VI and VIII almost never returned results. Since the exis-
tence and uniqueness of the solutions of these two schemes were not
studied, we cannot provide an explanation for this at the moment.
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Case A Case B Case C
foreground Poisson (100B) | Poisson (100B) | Poisson (50B)
background Poisson (100B) | TCP (500B) | TCP; (450B)
TCP; (500B)
CBR (800B)
one link
best K., XI-III-1V-X IX-II II-1X
best An XI-I-VII XI-I-VII XI-I-VII
two links: 15
one is the bottleneck
best K., XI-III-1V-X IX-II II-1X
best An XI-I-VII XI-I-VII XI-I-VII
two links: 20d
one is the bottleneck
best K, XI-VII Not Available II-1X
best 5\n XI-I-VII Not Available IX-1II
three links: 15t
one is the bottleneck
best K, XI-III-1V-X IX-II IX-II
best An XI-I-VII XI-I-VII XI-I-VII
three links: 20d
one is the bottleneck
best K, XI-III-IV-X | Not Available XI-IX-1I
best 5\n XI-I-VII Not Available IX-1II
three links: 3'd
one is the bottleneck
best K, XI-III-IV-X | Not Available | VIII-II-IX
best 5\n XI-I-VII Not Available IX-1II

Table 6.1: Best schemes for all simulations

e Scheme XTI provided the best estimations for all simulation runs in case
A, which is very normal as case A aproximates at best M+M/D/1/K

queueing system.
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e The bottleneck location has an impact on the estimated values of A
and K. Almost identical results were obtained when the bottleneck
was the access to the first link. This was no longer the case when
the bottleneck was the access to the second or to third link. More
precisely, the estimated parameters converged much more slowly to
the right values. This was expected because losses occuring elsewhere
than at the bottleneck are not taken into consideration in both models
studied.

e Making the run time bigger affects the number of gathered samples.
We have done this for only one simulation and we noticed that the
"best" scheme for a 20 seconds run time was no more the "best" one
for a 200 seconds run time

Looking at Table 1, we see that the "best" scheme in estimating A is not
always the "best" scheme in estimating K. This curious fact is still to be
analyzed, for no explanation is available at the moment. We can imagine
an application using both schemes, each one for the estimation of just one
parameter.

6.4 From simulation to reality

Till now, we have always assumed to have access to the first n samples of
{a;}, {di}, {Xi} and {o;}. In this work, we have carried out simulations
to generate traffic traces, and the samples were extracted from the traces.
However, ultimately, we must extract the samples from the real network (e.g.
the Internet). How can we do this?

Usually, real-time applications use the Real-Time Transport Protocol (RTP)
[14] together with UDP and IP. RTP provides end-to-end network transport
functions suitable for this kind of applications, over multicast or unicast net-
work services. RTP counsists of two parts, a data part and a control part
referred to as RTCP, the Real-Time Control Protocol. The feedback infor-
mation is carried in RTCP packets referred to as Receiver Reports (RR).The
rate at which they are multicast is controlled so that the load created by the
control information is a small fraction of that created by data traffic. The
RR sent by a destination includes several informations: the highest sequence
number received, the number of packets lost, the estimated packet interar-
rival jitter, and timestamps. At the sender, the {a;} are available, the {d;}
are retrieved from the timestamps present in the RR and the {X;} are re-
trieved from the highest sequence number received at the destination, also
given in the RR. As for the {o;}, they are hard to obtain, hence we can try
to estimate U differently, by considering that a packet finds the bottleneck
server empty if its response time is minimal.
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Chapter 7

Conclusion

In this work, we have proposed two simple a priori models for a connection,
based on a single server queue with finite waiting room, to infer the buffer
size and the intensity of cross traffic at the bottleneck link of a path between
two hosts. We have quantified several parameters of both models and ob-
tained eleven pairs of moment-based estimators. Using traces generated by
the network simulator ns, estimated values for both parameters have been
calculated according to the characteristics of the a priori models.

A preliminary analysis of the results was conducted in the hope of "elect-
ing" the best pair of estimators. However, several drawbacks keep us from
reaching simple conclusions. The experiments we made did not cover a wide
range of possible test conditions and simulation run times were not long
enough so that all available schemes could converge. The pairs of estimators
we defined need to be tested on an experimental network, or even on the In-
ternet, in order to quantify their performance under realistic network traffic
conditions. Furthermore, a more thorough analysis of the estimators is still
to be carried out, statistically (biased and unbiased estimators, confidence
intervals, consistency, efficiency) and analytically (existence and uniqueness
of the solutions). We must keep in mind the drawbacks of ns, mainly, buffer
sizes are in packets not in bytes and packets length for a defined source is
fixed.

For future works, other estimators can also be used like the jitter, the con-
ditional probability of a loss knowing that the previous packet was success-
ful and the conditional probability of a successful packet knowing that the
previous one was lost. In case the robustness to statistical assumptions re-
vealed to be weak, some hypotheses could be relaxed to be more general and
other architectures for the model could be considered, a queue tandem for
instance.
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Appendix

Recall the definitions for cases A, B and C:
o Case A:

— foreground traffic: Poisson (100 bytes),
— background traffic: Poisson (100 bytes)

e Case B:

— foreground traffic: Poisson (100 bytes),
— background traffic: TCP (500 bytes)

e Case C:

— foreground traffic: Poisson (50 bytes),
— background traffic:

* TCP; (450 bytes)

* TCP, (500 bytes)

* CBR (800 bytes)
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Figure 7.14: Three links, 21d ope is the bottleneck, case C
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Figure 7.15: Three links, 3'4 one is the bottleneck, case A
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Figure 7.16: Three links, 37 one is the bottleneck, case C



Buffer size versus number of probe packets
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Figure 7.17: One link, case A
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Figure 7.18: One link, case A, 50000 probe packets
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Figure 7.19: One link, case B
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Figure 7.20: One link, case C

Figure 7.21: Two links, 15% one is the bottleneck, case A



Figure 7.22: Two links, 15 one is the bottleneck, case B

Figure 7.23: Two links, 15% one is the bottleneck, case C

Figure 7.24: Two links, o1d gpe is the bottleneck, case A



Figure 7.25: Two links, 2°¢ one is the bottleneck, case C

Figure 7.26: Three links, 15% one is the bottleneck, case A

Figure 7.27: Three links, 15 one is the bottleneck, case B



Figure 7.28: Three links, 150 one is the bottleneck, case C

Figure 7.29: Three links, 21d o is the bottleneck, case A

Figure 7.30: Three links, 21d ope is the bottleneck, case C



Figure 7.31: Three links, 3'4 one is the bottleneck, case A

Figure 7.32: Three links, 37 one is the bottleneck, case C



