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Abstract— We propose a minimum cost method for traf-
fic shaping in the context of QoS-based networks. Given
the user’s desired QoS and the network’s resource avail-
ability, our procedure determines the least-cost parameters
for a traffic shaper which still guarantees access to the net-
work whilst satisfying the QoS constraints. We illustrate
our scheme using on-off sources and formulate the QoS con-
straints by effective bandwidths.

I. INTRODUCTION

Connection Admission Control in QoS-based networks
typically relies on a traffic contract between the user and
the network. The user is expected to characterize the traf-
fic stream under a desired QoS level. This will give the
network an indication of the anticipated load of the con-
nection. The network then determines its resource avail-
ability. If sufficient resources are available to carry the
connection, the call is admitted to the network. A specific
set of user-declared traffic characterizations and the corre-
sponding QoS are then registered in a traffic contract. The
user’s traffic stream is subsequently policed to ensure that
the actual traffic stream does not violate the traffic con-
tract. Furthermore, the user may shape its traffic stream
to comply with the traffic contract. Finally, if insufficient
resources are available, a connection is not granted by the
network, thus preserving the QoS of existing calls.

In this paper, we propose to develop traffic shaping
methodologies as a solution to an optimization problem,
where the user establishes a connection and selects cor-
responding traffic shaping parameters satisfying the QoS
constraints at a minimum cost. Alternatively, the traffic
shaping problem can be interpreted as trying to find the
minimum cost parameters of the policing or traffic shaping
function which enable the user to gain access to the network
whilst satisfying the QoS requirement of the connection.

The remainder of this paper is organized as follows: the
next section aims to position our scheme within the context
of (o, p)-constrained connection admission control (CAC).
To this aim, we restrict the scope of our scheme in this
paper to on-off traffic and only consider traffic shaping. In
section III we introduce the notion of cost. We present a
general formulation of our model in section IV and show
an example using on-off sources in section V. In section VI
we discuss the issue of sensitivity analysis on the results
and formulate possible extensions. We conclude the paper
and provide suggestions for future research in section VII.

0-7803-5284-X/99/$10.00 © 1999 IEEE.

II. NETWORK DIMENSIONING AND CAC UNDER (o, p)
CONSTRAINTS

The notion of a (o, p)-constraint [1] provides an upper
bound for the number of arrivals in a given interval of a
particular arrival process. Let A, denote the number of
cell arrivals in slot n in a discrete time model. A given ar-
rival process {A,} is (o, p)-constrained in the time interval
(k,m); k,m e Z+ if

m
Y An<pm—k+1)+o.

n=k

Intuitively, p and o can be interpreted as a mean rate
and the maximum burst size of the given arrival process.
Note that any arrival process { A, } is bounded above by an
infinite family of (o, p)-constraints. Two important prop-
erties of (o, p)-constraints are worth mentioning:

Property-I If K arrival processes are multi-
plexed and each of the arrival processes is (o, pr)-
constrained, ¥ = 1...K, then the aggregate ar-
rival process is (o, p)-constrained, where o =
zg:l Ok and pP= Zle Pk

Property-II If a (o, p)-constrained arrival pro-
cess feeds a G/D/1/o queue with FCFS service
discipline and a constant service rate p,0 < p < 1,
then no cells will be lost due to buffer overflows.

An arrival process {A,} can be shaped to conform to a
(1, p)-constraint if it is fed through a G/D/1/0 queune [2],
[3] with deterministic service rate p measured in cells per
unit time. The burst size of the departure process is limited
by the single server, hence the stream is (1, p)-constrained.
This model represents a traffic shaper, because every cell is
subject to a queuing and processing delay thus modifying
the original inter-arrival process.

The above mentioned properties can be extended to form
a calculus of (o, p)-constraints for end-to-end virtual path
(VP) connections {3]. The network consists of a series of
output buffer switches connected by links. Each switch
is composed of a switching fabric (SF) and one processor
sharing node (PSN) per output link. Each PSN in turn is
made up of a number of buffers served by a single server.
For simplicity, we assume that VPs are exclusively associ-
ated with a single buffer in each PSN along the end-to-end
path. Each VP carries a number of arrival streams or vir-
tual circuits (VC) which all share a common source and
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Fig. 1. Virtual Path Model

destination. A VP can thus be modeled by a series of N
single server queues in tandem, as depicted in Fig. 1.

Let p* denote the bandwidth allocation for the VP, i.e
the bandwidth allocated at each queue. At each of the
N PSN, the VP goes through a buffer of size B. Assume
that the VP carries K VCs, each of which are (o, pr)-
constrained, £ = 1,..., K, such that the aggregate ar-
rival stream is (o, p)-constrained by property I. We fur-
ther assume that each of the PSNs has a work-conserving
scheduling policy with minimum bandwidth parameter [3]
p# =0, as is the case for PGPS (packetized general proces-
sor sharing) schedulers. It can be shown that if buffer n,
n=1...N, is sized according to

K
B, > [Zo’k+nj; n=1...N,
k=1

then no cells are lost on the entire VP [3]. Furthermore,
an upper bound for the end-to-end cell delay for cell v is
given by

(1)

where a, denotes the arrival time of cell v, d, denotes the
departure time of cell v and II denotes the total propaga-
tion delay along the VP.

The above framework for network dimensioning under
(e, p)-constraints suggests the following algorithm for CAC:
a newly arriving (&, p)-constrained VC can be admitted to
the network if each buffer carrying the VC satisfies the
following conditions

N
8y < maz{dy_1,ay} ~ay + r +1I,

K K
p< p"—Epk;'o"' < min{Bn—Za'k—n};n =1...N, (2)
k=1 k=1

If both conditions are satisfied, the respective amounts of
buffer and bandwidth are reserved along the VP. The QoS
provided after successful admission guarantees no cell losses
and a maximum cell delay as in (1). The price to pay for
this high level of QoS is a decrease in the statistical multi-
plexing gain. The network cannot fully exploit statistical
multiplexing, since any VC which violates the above CAC
rules is not admitted to the network, even though the net-
work’s resource utilization could be increased by statistical
multiplexing more connections together.

For details on resource provisioning using (o,p)-
constraints, in particular proofs of the results presented
in this section and extensions to cover arbitrary VP struc-
tures, the reader is referred to Kesidis [3].

ITI. CoSTING ASPECTS

In this section we briefly review the notion of cost in
multiservice networks. Pricing and costing issues hzve not
been the main focus of research by the engineering com-
munity. Walrand [4] claims that the main reason for this
is the lack of economic background in engineering. Never-
theless, a number of researchers [5], [4], [6] and references
therein have picked up on this concept and invessigated
the roles of tariffs in communication networks. Kelly [5],
for example, uses the notion of cost to induce the user to
declare the true values for the mean and the peak cell rates
of a given on-off traffic source during CAC. Then tae user
is charged according to a linear function f(m, M) of the
declared mean rate m and the measured mean rate M,
where f(m, M) = a(m) + b(m)M. The values for tte fixed
cost a(m) and the variable cost b(m) are chosen such that
f(m, M) is tangent to the curve

1

a(M) = 7

log [1 + %(e”” - 1)]

at the point M = m, as shown in Fig. 2. Note that a(M)
represents the effective bandwidth for an on-off source with
mean rate M and peak rate h, where h is assumed to
be given. 6 is a QoS parameter related to the blocking
probability and will be introduced later. The concavity of
the function a(M) with respect to M then ensurss that
f(m, M) > a(M), with equality holding only at the point
M = m. The user is charged a premium for not declaring
the true mean rate of the source. For further details the
reader is referred to Kelly [5].

Jiang [7] provides a high-level description of a unified
CAC framework involving the user and the network, con-
sisting of respective agents which interact in two steges. In
the first stage, the user agents characterize the information
streams and define the desired performance parameters. At
the same time, the network agents determine the retwork
resource availability. In the second stage, both network
and user agents come together in a market type environ-
ment to establish which information streams are carried by
the network at agreed upon prices.

In the following section we build on the concepts de-
scribed above. We look at CAC from a user’s point of view.
We take a microeconomic approach and eliminate the as-
sumption that users and the network come togetler in a

gM)

M) = fim, M)
M = a (M)

Mean Rat: M

Fig. 2. Effective Bandwidth Pricing
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market environment. In our view, a single user is given a
price for theuse of network resources, which could be estab-
lished using the framework described above. However, it is
important to note that a single user cannot influence the
price by declaring his or her demand for bandwidth. We
feel that this assumption is more realistic in a networking
environment, since such price determination schemes could
not possibly be executed in real time every time a single
user wishes to establish a connection. In what follows, we
thus take a more focused approach on the operations at the
user-network interface, rather than taking a global view of
the entire network. We concentrate on using the concept
of cost for the determination of the policing / shaping pa-
rameters.

IV. MiNiIMUM CosT TRAFFIC SHAPING

We now show that under the assumption that all streams
can be shaped, the user faces the task of determining the
shaping parameters such that the CAC constraints and the
desired QoS constraints are met. In particular, we show
that there may exist many such possibilities with which the
user’s traffic can be shaped. To differentiate between these
multiple possibilities, we use the notion of a shaping cost.
We thus formulate the shaping problem as a constrained

. minimization problem, where the user selects the traffic
shaping settings such that the connection is admitted to
the network whilst satisfying the user’s QoS requirements
and minimizing the economic cost of the connection.

Our modified network model is depicted in Fig. 3. We
assume that VPs are pre-established with limited buffer /
bandwidth resources. All of the N buffers along a VP
have the same buffer capacity B, bandwidth allocation
p* and QoS parameter values. A newly arriving VC de-
mands buffer and bandwidth resources according to the
CAC scheme presented in section II. In return, the network
imposes a cost C(a(.), 7, p) for the usage of these resources.

All user traffic follows an on-off model and is QoS-based
and thus voluntarily shaped. Users wish to establish VCs
requiring a particular QoS level, which implies that

o the user wishes to satisfy the constraints imposed by
the CAC algorithm to establish the VC.

o the user is able to specify the QoS-constraints in the
following form involving cell loss and worst-case delay

P(cell loss) < ¢
P(worst — case cell delay > §) < €4,

i.e. that the user knows the values for ¢;, ¢4 and §. These
constraints will be considered in more detail in section
IV.A. Such functional forms have been found for on-off
traffic using effective bandwidths (8], [9], [10], [11]. We
also assume that the user has a limited budget constraint
B(a(.), o, p), representing the maximum amount of net-
work resources that the user can afford. We consider the
user to act rationally in an economic sense, i.e. that the
user wishes to minimize cost in light of a limited budget
constraint.

NBuffers

Fig. 3. Modified Virtual Path Model using Traffic Shaping

A. CAC and QoS Constraints

In order to gain access to the network, the VC has to
satisfy (2). Since the traffic shaper is represented by a
G/D/1/ & queue with service rate j its output will be (1, )-
constrained. A closer look at (2) reveals that any two-tuple
(&, p) of the set

K K
A:{(a’,ﬁ):155SB—N—ZO’k;ﬁSp*—Zpk}

serves as a possible candidate to determine the shaper’s
parameters, since the output of a shaper with parameters
buffer size & and rate j is (1, p)-constrained. We can thus
formulate the following CAC constraints:

K K
1SB=-N=-Y o5 F<p =3 . (3)
k=1 k=1
Under (o, p)-constrained CAC, the QoS provided by a VP
guarantees no cell loss and a maximum cell delay as in (1)
if the CAC conditions (3) are met. Cell losses can thus
only occur at the shaper, and hence the cell loss probabil-
ity (CLP) of the traffic shaper also determines the end-to-
end CLP for the VP. A constraint for the buffer size can
generally be formulated as follows, given the user’s desired

end-to-end CLP¢;

P(Q > &) 2 £(a(),5,5) < a. )

In the case of on-off sources, the effective bandwidth ap-
proximation for the queue length [8], [9], [10], [11] can be
used to obtain a particular constraint for the buffer size &
as

5> -ta
0

The QoS parameter § of the traffic shaper can now be in-
troduced as promised in section III. 8 can be determined
as the solution to the equation &(f) = g, where &(6) is the
effective bandwith of the newly arriving stream.

Similarly, a QoS-constraint for the worst-case end-to-end
delay generally takes the form

P(Dwe > 6) 2 g(a(.), 5, 5, 6) < ea, (5)

given the user’s desired worst-case cell delay § and the de-
sired probability of achieving this delay €4.

Let us split the worst-case end-to-end cell delay Dw¢
into the worst-case delay across the VP Dy p plus the delay
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introduced by the traffic shaper Drg. Note that the upper
bound for the worst-case delay across the VP is dyp =
B(N +1)/p* + II. In the case of on-off sources we can
again use the effective bandwidth approximation for the
queue length to specify the following delay constraint

P(Dw¢c >8) = P(Drs+ Dyp > )
< P(Drs+dys > 8) < €q,

giving
P(Drs+dys < 6) = P(pDrs < p(6—dyp)) ~ e~7(6-dus)

or

. loge
p(6 —dup) > — gd-

If the parameters for the traffic shaper satisfy constraints
(4) and (5), the user’s desired QoS requirements for the
end-to-end VP are met.

B. Proposed Traffic Shaping Scheme

During the CAC procedure, the user has to declare values
for & and § which describe the traffic stream. These values
are subsequently used for traffic shaping. The user is thus
faced with declaring the appropriate values for & and § so
as to satisfy all of the above constraints. The user can
select the particular values for (¢, §) as the solution to the
following optimization problem:

Min C(a(.), 7, p) (OBJ)
st. P(Q>)2 fa(),5,5) <« (C1)
P(Dwc > 6) = g(a(.),5,5,6) <ea  (C2)
0 < 7 < ogyait (C3)
0 < p £ pavail (04)
C(a(.),,p) < B(a(.), 5, p). (C5)

The objective function represents the user’s rational be-
haviour in wanting to minimize the economic cost of the
connection. Constraints (C1) and (C2) represent the QoS-
constraints described in section IV.A. Constraints (C3)
and (C4) represent the CAC-constraints that have to be
met in order to gain admission. Here, o4y4i1 and payai
represent the available buffer and bandwidth capacities |,
thus taking traffic streams from other users into account.
Constraint (C5) ensures that the user’s budget limit is not
exceeded.

This non-linear optimization problem can be solved by
the Lagrangean method under mild conditions for the con-
straints and the objective function. Arrow and Enthoven
[12] have shown that if C(&(.),&,p) is differentiable and
quasi-concave ! and all of the constraints are differentiable
and quasi-convex 2 and assuming that a solution for (7, /)

1Y = f[z] is said to be quasi-concave iff, whenever f[z1] > ¢ and
flz2] > ¢ then also flkx1 + (1 — k)x2] > ¢, forall0< k < 1.

2Y = f[z] is said to be quasi-convex iff, whenever f[z1] < ¢ and
flz2] < ¢ then also flkz; + (1 — k)z2] < ¢, forall0 < k < 1.

exists, then the Lagrangean method will find it. Further-
more, if the conditions satisfy the Kuhn-Tucker conditions
and the quasi-concave programming conditions, then the
solutton is unique. We will illustrate the method on an
example in the following section.

The optimization problem can be illustrated bes: using
the contours of the constraints as shown in Fig. <. The
horizontal and vertical lines represent the physical con-
straints (C3) and (C4). The additional vertical liae rep-
resents constraint (C2), showing the value of p for which
P(Drs > 6—dyp) = €qfor given €4, 6 (it can be shown that
this line is vertical for on-off sources). Similarly, the curved
line shows the values for (o, p) for which the P(Q > ¢) = ¢,
where again ¢ is given, thus representing constraint (C1).
The dashed lines indicate the values for (o, p) for which the
total cost takes on a certain value. The optimizatioa prob-
lem tries to find the smallest such dashed line such that
the constraints are still satisfied.

We will now illustrate our minimum cost traffic shaping
scheme under (o, p)-constrained CAC using on-off sources
as an example.

V. ExaMPLE: ON-OFF SOURCES

The illustration of our scheme in this example assumes
that the user is able to completely specify the on-cff traf-
fic model operating in discrete time and modeled by a
two state markov modulated arrival process with transi-
tion probability matrix R. A single arrival occurs when
the model is in its on-state. No arrivals occur dur.ng the
off-state. The model jumps from the on-state to the off-
state in any slot according to the matrix R. The effective
bandwidth of the traffic is thus given by

r11 + ra2e® + \/(7'11 + 7'2289-)2 + 4r1arg1€?
2 )

S
9 =':l
o(0) 5109

where 6 = supg(a(f) < 5). We also assume that the user
wishes to gain access to a particular VP, and that the
network has communicated the upper bound for the de-
lay across this VP, dyp, to the user. Thus the user does

S it

Ca().c.9= c3\
Ca) o, p=¢2
[¢CTOR. AR . ~

/

P(cell low) <g;

P(worst-case delay >3 )< 2y

Fig. 4. Graphical representation of the optimization proslem
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not need to know exactly the number of hops on the VP to
discount the QoS-requirements. Under the above assump-
tions we can use the effective bandwidth approximation for
markovian traffic to formulate the QoS-constraints as

G.

o> e, 845~ dus)

€ed>e

As far as the CAC-constraints are concerned, we assume
that the network informs the user about the maximum val-
ues for (&, ) which guarantee admission, i.e. we assume
that

K K
UavaiI:B_N_Zakzl; Pavailzp*"zpk
k=1 k=1

are given to the user. Since the users traffic is voluntar-
ily shaped with a buffer of size & and service rate § the
output stream is always (1, 5)-constrained irrespective of
the value of & we select. In this example we also assume
that the user has no budget constraint. This will reduce
the complexity of the optimization problem without loss of
generality. Finally, we assume that the user is charged for
the buffer and bandwidth resources according to a linear
function at a cost of C, and C, per unit of time respec-
tively. The optimization problem can then be formulated
as follows:

Min C,6 + C,p (OBJ)
st. 06 > —in(e) (CL)
0p(8 — dup) > —in(eq) (C2)
1 S 4 S Oavail (C3)
0 < 5 < pavait (C4)

bearing in mind that &) = j holds and therefore § is a
function of 5. The contour plot of the feasible region is
shown in Fig. 4.

The form of the Lagrangean is as follows:

L = C,5+C,p

- m((f& + In(a))
— p2(85(6 — dyB) + In(eq))
- ﬂa(o'avm’l - &)

- p‘l(Pavail - ﬁ)y

and the solution to this equation is the set of values for
0,0, p, u1, p2, p3 and pg for which the following Kuhn-
Tucker conditions hold: & > 0,0£/86 = 0,5 > 0,0L/8p =
0,u; >0,0L/0p; <0, pu;(dC/0ps)=0fori=1...4.

We assume that constraints (C3) and (C4) are not bind-
ing, i.e. that sufficient resources are available to find a
solution for (&, 5). In the calculation of 8£/85 we need to
find 90/0p5. Using a(0) = p we get 80/8p = 88/8a(0) =
1/(8a(0)/86).

After some algebra we can find § as the solution to
either 8&(0) = —lIn(eq)/(6 — duyg) or 02(0&()/08) =
—C,In(e1)/C,, depending on whether (C2) is binding or
not. Given 6 the remaining values can be found using

p=&0),5 =—In(et)/0,p1 = C, /0,434 =0 and

Cg. lnel o6

C/’ + (6-dup)(6+(8)8% ,

M2 =

again, depending on whether (C2) is binding or not. If
such a solution can be found it has the desirable property
of guaranteeing access to the network, provided the traffic
stream is shaped by a G/D/1/& queue with service rate
p. The users QoS will be met at a minimum cost per time
unit of the connection.

V1. DiscussioN AND GENERALIZATIONS

The above formulation of the CAC problem has several
desirable properties. First of all, formulating the problem
as above provides a procedure that is easily implemented
in real-time, given that the arrival stream is approximated
by on-off sources. The user and the network only have to
exchange minimal information required to determine the
CAC and QoS constraints. Examining the region defined
by the constraints, as depicted in Fig. 4, immediately re-
veals the feasibility of the solution. If this region defines
an empty set, the user can re-examine the demanded QoS
and repeat the process with alternative parameters. If the
region defines a singleton, the solution follows immediately.
If the region defines a set of values for o and p, the solution
follows from the mathematical procedure outlined above.
This mathematical procedure guarantees a solution pro-
vided the network determines an appropriate cost function.
If the constraints are quasi-convex, a quasi-concave cost
function guarantees a solution. Similarly, if the constraints
are quasi-concave, a quasi-convex cost function guarantees
a solution. We thus see it as the network’s responsibility
to determine the appropriate form of the cost function to
generate a solution.

The values taken by the Lagrangean multipliers p; also
reveal important information on the sensitivity of the re-
sult. If 4; > 0, then constraint 7 is binding and furthermore
indicates how the value of the objective function would
change in response to a small relaxation of constraint i.
Thus we get from the Lagrangean multipliers an indica-
tion on how much the cost changes in response to a small
change in the desired QoS values of ¢; or ¢4 respectively.

Furthermore, our model can easily be extended. The
cost function we have used in section V seems reasonable
if the network charges the user simply for the quantity of
buffer and bandwidth resources consumed. This particu-
larly applies if the resource utilization is low. However, in
case of high resource utilization, the cost function could in-
corporate an element of a prohibitive cost [4] by letting the
cost function for the resources increase as utilization rises.
As resource utilization rises, more and more users would
not be able to satisfy their budget constraints and the re-
sources would be allocated to those users who were willing
and able to pay the higher price. User with 'urgent’ con-
nections can still access the network. For the network, such
a cost function implies higher revenues. The above scheme
is then still valid, provided the new cost function is still
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differentiable and quasi-concave. Although closed-form so-
lutions may not be feasible, real-time numerical algorithms
can also be implemented.

Finally, we comment on some of the assumptions that
we have made in this paper. Our model currently hinges
on finding a function form for the QoS constraints. In the
example we have used effective bandwidth functions to ex-
press the QoS constraints. Such functions have been deter-
mined for many of the prevalent traffic models, including
also long range dependent traffic models [13]. We do realize
that the user may not know the effective bandwidth func-
tion a priori, in particular if the underlying traffic model
is unknown. However, the on-off model or aggregations
thereof can be used to approximate a large number of traf-
fic patterns. To find effective bandwidths for a larger set
of traffic models or empirically is currently an active area
of research.

VII. CoNcCLUSION

In this paper we have addressed the issue on how to
determine the parameters for a traffic shaper or what pa-
rameters to declare during CAC by identifying a minimiza-
tion problem. In our approach, traffic shaping involves the
minimization of the cost of the connection, in terms of the
network resources bandwidth and buffer, such that access
to the network is obtained and the desired QoS is provided
by the connection. We have discussed the general forms of
such QoS and CAC constraints for CAC procedures based
on (o, p)-constraints and effective bandwidths.

Of course our scheme is also applicable with QoS con-
straints not based on effective bandwidths, as long as these
remain functions of the buffer and bandwidth resources and
satisfy the quasi-convexity conditions. Research is under-
way on extending our model to cover empirical traffic, such
as pre-recorded video traces or real-time traffic. Moreover,
the QoS constraints we have used in this paper can be
easily extended to include further QoS measures, such as
delay jitter or message delay. In such cases, our scheme
would have to be extended by expressing the functional
relationship of the additional or alternative QoS measures
by quasi-convex functions of buffer and bandwidth. Similar
extensions need to be made for alternative CAC schemes
or traffic shaping/policing models. Some of these extension
are presented in [14].
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