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Abstract

We advocate the notion of service overlay network (SON)
as an effective means to address some of the issues, in par-
ticular, end-to-end QoS, plaguing the current Internet, and
to facilitate the creation and deployment of value-added In-
ternet services such as VoIP, Video-on-Demand, and other
emerging QoS-sensitive services. A SON purchases band-
width with certain QoS guarantees from individual network
domains via bilateral service level agreement (SLA) to build
a logical end-to-end service delivery infrastructure on top
of existing data transport networks. Via a service contract,
users directly pay the SON provider for using the value-
added services provided by the SON.

In this paper we study the bandwidth provisioning prob-
lem for a service overlay network which is critical to the
cost recovery in deploying and operating value-added ser-
vices over the SON. We mathematically formulate the band-
width provisioning problem, taking into account various fac-
tors such as SLA, service QoS, traffic demand distributions,
and bandwidth costs. Analytical models and approximate so-
lutions are developed for both static and dynamic bandwidth
provisioning. Numerical studies are also performed to il-
lustrate the properties of the proposed solutions and demon-
strate the effect of traffic demand distributions and band-
width costs on the bandwidth provisioning of a SON.

1 Introduction

Today’s Internet infrastructure supports primarily best-
effort connectivity service. Due to historical reasons, the In-
ternet consists of a collection of network domains (i.e., au-
tonomous systems owned by various administrative entities).
Traffic from one user to another user typically traverses mul-
tiple domains; network domains enter various bilateral busi-
ness relationships (e.g., provider-customer, or peering) for
traffic exchange to achieve global connectivity. Due to the

nature of their business relationships, each network domain
is only concerned with the network performance of its own
domain and responsible for providing service guarantees for
its customers. As it is difficult to establish multi-lateral busi-
ness relationship involving multiple domains, the deploy-
ment of end-to-end services beyond the best-effort connec-
tivity that requires support from multiple network domains is
still far from reality. Such problems have hindered the trans-
formation of the current Internet into a truly multi-service
network infrastructure with end-to-end QoS support.

We propose and advocate the notion of service overlay
network (SON) as an effective means to address some of the
issues, in particular, end-to-end QoS, plaguing the current In-
ternet, and to facilitate the creation and deployment of value-
added Internet services such as VoIP, Video-on-Demand, and
other emerging QoS-sensitive services. The network archi-
tecture of a SON relies on well-defined business relationships
between the SON, the underlying network domains and users
of the SON to provide support for end-to-end QoS: the SON
purchases bandwidth with certain QoS guarantees from indi-
vidual network domains via bilateral service level agreement
(SLA) to build a logical end-to-end service delivery infras-
tructure on top of existing data transport networks; via a ser-
vice contract (e.g., a usage-based or fixed price service plan),
users1 directly pay a SON provider for using the value-added
services provided by the SON.

Figure 1 illustrates the SON architecture. A SON is
pieced together via service gateways which perform service-
specific data forwarding and control functions. The logical
connection between two service gateways is provided by the
underlying network domain with certain bandwidth and other
QoS guarantees. These guarantees are specified in a bilateral
SLA between the SON and the network domain. This archi-
tecture bypasses the peering points among the network do-
mains, and thus avoids potential performance problems as-
sociated with them. Relying on the bilateral SLAs a SON

1Users may also need to pay (i.e., a monthly fee) the access networks for
their right to access the Internet.
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Figure 1. An illustration of a service overlay
network.

can deliver end-to-end QoS sensitive services to its users via
appropriate provisioning and service-specific resource man-
agement.

In addition to its ability to deliver end-to-end QoS sensi-
tive services, the SON architecture also has a number of other
important advantages. For example, it decouples application
services from network services, thereby reducing the com-
plexity of network service management and control, espe-
cially in terms of QoS management and control. Network do-
mains are now concerned primarily with provisioning of data
transport services with associated bandwidth management,
traffic engineering and QoS guarantees on a much coarser
granularity (per SON). In particular, the notion of SON also
introduces a new level of traffic aggregation—service ag-
gregate: underlying network domains can aggregate traffic
based on the SON to which it belongs and perform traffic and
QoS control accordingly based on the corresponding SLA.
Under this architecture, a SON is responsible for ensuring
the end-to-end QoS of its services. Because of its service
awareness, a SON can deploy service-specific provisioning,
resource management and QoS control mechanisms (e.g., at
service gateways) to optimize its operations for its services.
Hence the SON architecture not only simplifies network QoS
management and makes it more scalable, but also enables the
flexible creation and deployment of new (value-added) ser-
vices.

Obviously the deployment of a SON is a capital-intensive
investment. It is therefore imperative to consider the cost re-
covery issue for a SON. Among many costs incurred in the
deployment of a SON (e.g., equipment such as service gate-
ways), a dominant recurring cost is the cost of bandwidth
that a SON must purchase from underlying network domains
to support its services. A SON must provision adequate
bandwidth to support its end-to-end QoS-sensitive services
and meet traffic demands while minimizing the bandwidth
cost so that it can generate sufficient revenue to recover its
service deployment cost and stay profitable. The bandwidth

provisioning problem is therefore a critical issue in the de-
ployment of the SON architecture. This study is devoted to
this issue. The design and implementation of the SON archi-
tecture will be left to another paper.

We develop analytical models to study the problem of
SON bandwidth provisioning and investigate the impact of
various factors on SON bandwidth provisioning: SLAs, ser-
vice QoS, bandwidth costs and traffic demands. We consider
the so-called pipe SLA model as an example to illustrate how
the SON bandwidth provisioning problem can be formally
defined. The analyses and solutions can be adapted to the
so-called hose SLA model [9], which due to space limitation
we do not consider in this paper. In Section 2 we describe
how the SON logical topology can be represented under the
pipe SLA model and present the assumptions of our model.
We study the static and dynamic SON bandwidth provision-
ing problems in Section 3 and Section 4, respectively. Ana-
lytical models and approximate solutions are developed for
both static and dynamic bandwidth provisioning. Numerical
studies are also performed to illustrate the properties of the
proposed solutions and demonstrate the effect of traffic de-
mand distributions and bandwidth costs on SON bandwidth
provisioning.

The notion of overlay networks has been used widely
in telecommunication and data networks. For example,
more recently content distribution networks and applica-
tion layer multicast networks have been used for multimedia
streaming [3]; Detour [14] and Resilient Overlay Network
(RON) [1] employ the overlay technique to provide better
routing support. Moreover, the overlay technique has at-
tracted a lot of attention from industries [4, 5] as a means to
deliver diverse QoS-sensitive services over the Internet. The
service overlay network we propose here is simply a general-
ization of these ideas. Perhaps what is particularly interesting
is the use of SONs to address the end-to-end QoS deployment
issue. The major contribution of our paper however lies in
the study of the SON bandwidth provisioning problem. Our
approach and formulation also differ from the traditional ca-
pacity planning in telephone networks (e.g. [10, 11]) in that
we explicitly take into account various factors such as SLAs,
QoS, traffic demand distributions.

2 Service Overlay Networks: Assumptions
and Bandwidth Provisioning Problems

In this section we first describe a logical topology repre-
sentation of a SON under the pipe SLA model and a simpli-
fying assumption on service QoS. Two modes of bandwidth
provisioning—static and dynamic bandwidth provisioning—
are then introduced. We conclude this section by presenting a
traffic demand model and a few notations regarding the ser-
vice revenue and bandwidth cost for formulating the band-
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Figure 2. Traffic demands.

width provisioning problem.

2.1 SON and Service QoS

The pipe SLA model is a common SLA model used in to-
day’s Internet. Under the pipe model, a SON can request
bandwidth guarantees between any two service gateways
across a network domain (see Fig. 1); in other words a “pipe”
with certain bandwidth guarantee is provisioned between the
two service gateways across the network domain. To empha-
size the relationship between service gateways and underly-
ing network domains, we denote the logical (uni-directional)
connection from a service gateway 3 to a neighboring ser-
vice gateway 4 across a network domain 5 by 67398:4<;=5?> , and
refer to it as a logical link (or simply a link) between 3 and 4
across 5 . Note that between a SON and the access networks
where traffic to the SON originates and terminates, the hose
SLA model is assumed to be used where certain amount of
bandwidth is reserved for traffic entering or exiting the SON.
We can treat each access network @ as a fictitious service
gateway 3BA . Then we can talk about “connection” between3BA and a neighboring service gateway 4 across @ and the
corresponding “logical link” 673CAD8E4F;:@G> .

Given a logical link HJIK67398E4F;:5?> , a SON provider will
contract with the network domain 5 to provide a certain
amount of bandwidth guarantee LNM between the service gate-
ways 3 and 4 across 5 . The bandwidth provisioning prob-
lem of the SON is then to determine how much bandwidth
to be provisioned for each link HOIP67398E4F;:5Q> so that: 1) the
end-to-end QoS required by its services can be supported ad-
equately; and 2) its overall revenue or net income can be
maximized.

Although the QoS that a SON must support for its services
can be quite diverse (e.g., bandwidth, delay or delay jitter
guarantees), in almost all cases a key component in provid-
ing such guarantees is to exert some form of control on the
link utilization level, i.e., to ensure the overall load on a link
does not exceed certain specified condition. Consequently,
for the purpose of bandwidth provisioning, we assume that it
is possible to map service QoS guarantee requirements to a

link utilization threshold2. To state this assumption formally,
we assume that a link utilization threshold RSM is specified for
each link H ; and to ensure service QoS, the bandwidth LNM on
link H must be provisioned in such a way that the average
link utilization stays below RTM (averaged over the basic unit
of time, see Section 2.3) .

2.2 Bandwidth Provisioning Modes

We consider two modes of bandwidth provisioning under
the pipe model: static bandwidth provisioning and dynamic
bandwidth provisioning. In the static bandwidth provision-
ing mode, a SON contracts and purchases a fixed amount
of bandwidth a priori for each link connecting the service
gateways from underlying network domains. In other words,
the bandwidth is provisioned for a (relatively) long period of
time without changing. In the dynamic bandwidth provision-
ing mode, in addition to the ability to contract and purchase
bandwidth for each link a priori, a SON can also dynamically
request for additional bandwidth from underlying network
domains to meet its traffic demands, and pay for the dynam-
ically allocated bandwidth accordingly. To account for the
potential higher cost in supporting dynamic bandwidth pro-
visioning, it is likely that underlying network domains will
charge a SON different prices for statically provisioned and
dynamically allocated bandwidth. Hence in either mode the
key question in bandwidth provisioning for a SON is to deter-
mine the appropriate amount of bandwidth to be purchased
a priori so that the total net income of the SON is maxi-
mized while maintaining the service QoS to meet the traffic
demands.

2.3 Traffic Demand, Service Revenue and Band-
width Cost

We now describe the traffic demand model for a SON.
Recall that we assume that traffic always originates from and
terminates at access networks. Given a source node U and
destination node V , for simplicity we assume that a fixed
route W consisting of a series of links connecting U and V is
used to forward traffic from U to V . Let X denote the col-
lection of routes between the source and destination nodes.
Then the traffic demands over a SON can be represented by
the traffic demands over these routes: for each WZY[X , let \^]

2This particularly will be the case if the underlying network domain em-
ploys aggregate packet scheduling mechanisms such as FIFO or priority
queues. For example, it has been shown [2, 16] that in order to provide
end-to-end delay guarantees, link utilization must be controlled at a certain
level. Hence from the bandwidth provisioning perspective we believe that
this assumption on service QoS is not unreasonable in practice. In fact it is
said that many of today’s network service providers use a similar utilization
based rule (e.g., an average utilization threshold of 60% or 70%) to provi-
sion their Internet backbones.
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denote the (average) traffic demand (also referred to as traf-
fic load) along route W measured over some period of time_

(see Fig. 2). The period
_

is relatively short, for example
in seconds or a few minutes, compared to the time scale of
static bandwidth provisioning, denoted by ` , which could be
in several hours or days (or longer). The period

_
is con-

sidered as the basic unit of time. The set ab\c]edJWfYgXih
then represents the traffic demands over the SON during the
time unit they are measured, and is referred to as the traf-
fic demand matrix of the SON. Note that traffic demands are
always measured in units of bandwidth.

To capture traffic demand fluctuations over time, we as-
sume that the traffic demand \S] along a route W varies accord-
ing to some distribution3. We denote the probability density
function of the traffic demand distribution of \^] by Vj\S] . Then
the probability that the traffic demand \^] exceeds k units of
bandwidth is given by lnmo VT\T] . Let p\S]qIKlnmr \S]sVT\T] , i.e.,p\S] is the (long-term) average traffic demand along route W
over the time period for static bandwidth provisioning. Fur-
thermore, we assume that traffic demand distributions along
different routes are independent. In this paper, we will study
the bandwidth provisioning problem by considering a traffic
demand model based on the tvuxwyujz input process [12, 13],
which takes into account the widely observed self-similar
property of the Internet traffic. (See [7, 8] for studies based
on other traffic demand models.)

For each route W , we assume that a SON receives {b]
amount of revenue for carrying one unit of traffic demand per
unit of time along route W . On the other hand, for each logical
link or pipe H connecting two service gateways, a SON must
pay a cost of |}M�~�L�M�� per unit of time for reserving L�M amount
of bandwidth from the underlying network domain. We refer
to |}M as the bandwidth cost function of link H . Without loss of
generality, we assume that |�M is a non-decreasing function.

3 Static Bandwidth Provisioning with Penalty

In static bandwidth provisioning, a certain amount of
bandwidth overprovisioning is needed to accommodate some
degree of fluctuation in traffic demands. The key challenge
in static bandwidth provisioning is therefore to decide the op-
timal amount of bandwidth overprovisioning. To accommo-
date some degree of fluctuation from the long-term average
traffic demands, we introduce an overprovisioning parameter� M on each link H , � M��v� . The meaning of the overprovision-
ing parameter � M is given as follows: we will provision LNM
amount of bandwidth on link H such that as long as the over-
all traffic load on link H does not exceed its long-term average
load by � M , the service QoS can be maintained, i.e., the link
utilization is kept below the pre-specified threshold RSM . To

3This traffic demand distribution can be obtained, for example, through
long-term observation and measurement.

put it formally, define p\^M�I�� ]N� M��x] p\S] , where H�YqW denotes
that link H lies on route W . Thenp\SM�~��O� � M��nI�~��O� � M����]N� M��x] p\T]���RTM7L�M�8��BH�Y�� (1)

where � is the set of all links of the SON.
We now consider how to obtain the optimal overprovi-

sioning parameters under given traffic demand distributions.
We study this problem by taking into account the conse-
quence of potential QoS violations when actual traffic de-
mands exceed the target link utilization. For this purpose,
we assume that a SON may suffer a penalty when the tar-
get utilization on a link is exceeded, and therefore service
QoS may potentially be violated. We refer to this model as
the static bandwidth provisioning with penalty model, or in
short, static-penalty model.

For each route W , let ��] denote the average penalty suf-
fered by per unit of traffic demand per unit of time along
route W when the service QoS along the route is potentially
violated. Given a traffic demand matrix ab\^]�h , let  ¡]T~�ab\T]xh¢�
denote the probability that the service QoS along route W is
potentially violated, more specifically, the target utilization
on one of its links is exceeded. Then the total net income of
a SON for servicing a given traffic demand matrix as\^]xh can
be expressed as follows:£ ~�as\S]xh¢�nI �]s�j¤ {N]N\S]¦¥ � M§�T¨ |}M�~�L�M©��¥ �]N�T¤ �F]N\S]s ¡]T~�as\S]xh¢�=8

(2)
where in the above we use

£ ~�ab\c]xh¢� to emphasize the depen-
dence of the total net income on the traffic demand matrixab\T]xh . When there is no confusion, we may drop as\^]¢h from
the notation.

Let Vªas\S]xh denote the joint probability density function
of a traffic demand matrix ab\c]xh , where recall that Vj\c] is
the probability density function of a traffic demand \^] along
route W . Then the expected net income of a SON under the
traffic demand distributions a�Vj\c]¢h is given by« ~ £ �nI¬P®�¬ª¯E°�±=² £ ~�ab\T]�h¢��Vªab\T]¢hj8 (3)

where l ® l ¯E°�±�² denotes multiple integration under the joint
traffic demand distribution abVT\c]xh .

Now we can state the problem of static bandwidth provi-
sioning with penalty as the following optimization problem:
finding the optimal overprovisioning parameters a � M�h to max-
imize the expected net income, i.e.,³Z´xµ¯:¶�·�² « ~ £ � subject to (1). (4)

Unfortunately, the exact solution to this optimization
problem is in general difficult to obtain. It depends on both

4



the particular forms of the traffic demand distributions a�VT\^]�h
and the service QoS violation probabilities  G] . In the follow-
ing, instead of the exact solution, we shall derive an approx-
imate solution based on a lower bound on

« ~ £ � . (Due to
page limitations, we only sketch the derivation. We refer in-
terested readers to [8].) Before we present the approximate
optimal solution, we need to introduce one more set of nota-
tions. Define a small real number ¸º¹»� . For each route W ,
let ¼\T]�¹�p\T] be such that

¬ m½°�±e\S]sVj\S]��¾¸b¿ (5)

Since l�m½°�± \S]sVj\S]À�Á¼\S] lnm½°�± Vj\S]yIK¼\T]sÂGWSab\T]À�Á¼\S]xh , we haveÂGWSab\T]��Ã¼\T]xhy�¾¸juÄ¼\S] . In other words, (5) basically says that¼\S] is such that the probability the traffic demand along routeW exceeds ¼\S] is very small, and thus negligible.
With these notations in place, we now present a lower

bound on
« ~ £ � as follows (see [8] for the detailed deriva-

tion).« ~ £ �Å� �]N�T¤ {s]Fp\S]¦¥ � M��j¨ |J~�L�M©��¥ �]s�j¤ �F]�p\T]s ¡]j~�a�¼\S]xhx�¥ �]N�T¤ �F]N¸^~��O� �]�Æ�ÇÈ ] p\S]¼\S]�Æ �=8 (6)

where  ¡] is the service QoS violation probability, i.e., at
least one of the links on route W is overloaded: �]¡IÉ�¦¥ËÊM��x] ~��¦¥Ì JM©�=¿ (7)

Denote the right-hand side of (6) by Í , then
« ~ £ �O�eÍ .

From
« ~ £ ����Í , we have ³Z´xµ ¯:¶ ± ² « ~ £ ��� ³Z´xµ ¯:¶ ± ² Í .

Therefore we can obtain the best overprovisioning param-
eters that maximize Í instead of the expected net income« ~ £ � as an approximate solution to the original optimiza-
tion problem (4). Let a ��ÎM h be the solution to the optimiza-
tion problem ³Z´xµ ¯:¶�±=² Í , and refer to them as the approx-
imate optimal overprovisioning parameters. Suppose thata � ÎM h are strictly positive, then a necessary condition for them
to be an optimal solution is that the gradient ÏZÍ (with re-
spect to a � M�h ) must vanish at � ÎM ’s. Based on this observation
and through some simple algebraic manipulation, it is not
too hard to show that, a � ÎM h can be obtained by solving the
following equationsÐ |}M�~�L�M©�Ð L�M IÑ¼UNM�8Ò��H�Y��¦8 (8)

in the above equation, ¼UbM is defined as¼UNMÓIÔ�]N� M��x] �F]Fp\S] ÊÕ �x]:Ö Õ ÇÈ M©× �¦¥Ì  Õ ~j¼\ Õ 8�L Õ ��Ø�Ù�M�8 (9)

where Ù�MCIÉ¥ÃÚÚ�Û ·  ¡M�~j¼\cM�8=L�M�� .

In the above derivation of the approximate optimal solu-
tion to the static bandwidth provisioning problem, we have
simply assumed the existence of  GM but not its form. Its par-
ticular form depends on the distribution of (average) traffic
demands on link H . In the following subsection, we consider
a traffic demand model based on the tvu¢wyujz input process
to demonstrate the approximate optimal solution to the static
bandwidth provisioning problem.

3.1 tvuxwyujz Traffic Demand Model

Consider an tvu¢wiujz input process, where the service
time has a heavy-tailed distribution. We assume that the
distribution of the service time has a finite mean. Let ÜÞÝ
denote the number of customers in the system at time

_
,

for
_ Iß�^8s�¢8=àc8N¿s¿N¿ . Then the count process abÜZÝEhbÝ È r ÖâáEÖ ã�Öâä äâä is

asymptotically self-similar. Let \ denote the customer arrival
rate of the tvu¢wyu¢z input process and å the mean service
time, then ÜÀÝ has a Poisson marginal distribution with mean\Tå [6].

Now we are ready to present the tvu¢wyujz traffic demand
model. Consider an arbitrary route W . In the tvu¢wiujz traffic
demand model, the (average) traffic demand (i.e., the average
traffic arrival rate in each unit of time) on the route is gov-
erned by the count process abÜZÝEhbÝ È r ÖâáEÖ ã�Öâä äâä of an tvu¢wiujz
input process. For example, let \c]:Ö æ denote the average traf-
fic demand in the ç th unit of time, then we have \c]:Ö æèIéÜêæ .
Let p\T] denote the long-term average traffic demand on the
route. It is easy to see that p\c]ÀI»\Tå , where \ and å are the
customer arrival rate and the mean service time, respectively,
of the tvu¢wiujz input process. As traffic demands along all
the routes are assumed to be independent, the average overall
traffic load on a link H is p\cMÓI� ]s� M§�¢] p\T] .

Given the average overall load p\^M and the link capacity L�M ,
it can be shown that the probability that the total load on linkH exceeds pL�M�IëRjM©L�M during any given unit of time is given
by  JM�~sp\SM�8�L�M��ìIí~�� mæ È�î©ïÛ ·§ð á�ñ ï°�ò·æ�ó ��{¢ô ï°�· . We extend the defi-
nition of  JM�~sp\SM�8�L�M©� to the non-integer values of LNM by linear
interpolation. Moreover, at the integer values of LNM we define
the derivative of  JM�~sp\SM�8=L�M©� with respect to L�M to be the left
derivative. Then ÚÚ�Û ·  JM�~sp\SM�8�L�M©��Iv JM�~sp\cM�8�L�M©��¥q ¡M�~sp\cM�8=L�M�¥¾�b� .
Therefore, ÙNM¡Iõ¥ÃÚÚ�Û ·  JM�~j¼\cM�8�L�M©�êIPRjM�a� JM�~j¼\cM�8b~©RjM©L�M�¥f�b�E��¥ ¡M�~j¼\cM�8ERjM©L�M��:hQIÑRjM ½°Töâ÷ ·§ø©·§ù·úüû · Û ·þý ó {¢ô ½° · . By this definition of  GM , we
can obtain the (approximate) optimal overprovisioning pa-
rameters � ÎM ’s by solving (8).

We now discuss the effect of the shapes of ¼U�M ’ and |�M on
(approximate) optimal overprovisioning parameters � ÎM ’s as
well as their implication in static bandwidth provisioning.
Note first that the shape of ¼UbM is determined by Ù�M , which
has a shape of (skewed) bell-shape with a center approxi-
mately at ¼\cM (it is essentially a Poisson probability density
function). Hence ¼UbM is a concave function of � Mì�ÿ� . In
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particular, there exists ¼� M such that ¼UsM is an increasing func-
tion in the range × �c8¢¼� MþØ and a decreasing function in the range× ¼� M�8�z�� (see Fig. 3). Intuitively, this means that as � M moves
from 0 towards ¼� M , there is an increasing benefit in bandwidth
overprovisioning in terms of reducing potential QoS viola-
tion penalty. However, as � M moves beyond ¼� M , there is a
diminished return in overprovisioning in terms of reducing
potential QoS violation penalty.

Suppose that |}M is a linear function, i.e., |�M�~�L�M©�iI���M©L�M .
Then ��� · î Û · ñ� Û · I��BM . Hence (8) becomes �CM�I ¼UNM . Suppose��MDIÔ¼UsM holds for some � M���� . Because of the shape of ¼UbM ,
there potentially exist two solutions � M�Ö á and � M§Ö ã , � � � M�ÖâáG�¼� M � � M�Ö ã such that �BMCI ¼UsM . In particular, as ¼UsM is a decreasing
function in the range × ¼� M�8�z¾� , � M§Ö ã always exists. As ���� Û · is
positive in the range ~ � M�Öâás8 � M�Ö ãb� , and is negative in the ranges× �c8 � M�Ö á�� and ~ � M�Ö ãx8�z¾� , we see that with respect to link H , Í
is maximized at either � ÎM I � M�Ö ã or at � ÎM Ié� (whereas it is
minimized at � M�Ö á ).

In the following, we conduct numerical studies to illus-
trate the properties of the analytic results we obtained and
demonstrate the effects of various parameters on static band-
width provisioning. For this purpose, we consider a simple
setting: a single route over a single link. (See [8] for numer-
ical studies in more complex settings.)

Unless otherwise stated, the following parameters will be
used in the numerical studies: the long-term average traffic
demand on the route is 200 (measured in unit of bandwidth
per unit of time), i.e., p\c]T~�I p\cM©��I�à¢�j� , and {s]iI�� , ��MÄIé� ,�F]ºI à . We set ¸qI
	 and the target utilization thresholdRjMÓIv�^¿�� .

Fig. 3 shows ¼UbM as a function of � M with three different
values of ��] : �F]¡IÉ�¢8=àc8� . In the figure we also include a line
corresponding to �CMÓI�� to illustrate how � ÎM can be obtained
as the solution to ¼UsMèI��BM . Recall that, � ÎM I � M�Ö ã (the right
intersecting point). From Fig. 3 we see that as the penalty �B]
increases, ��ÎM also increases. Hence for a higher penalty it is
necessary to overprovision more bandwidth to guide against

potential QoS violations. Likewise, as we increase the per-
unit bandwidth cost �BM (i.e., moving up the line of �CM ), ��ÎM
decreases. In other words, as the bandwidth cost increases,
it is beneficial to reduce overprovisioned bandwidth so as to
maximize the net income.

To highlight the relationship between bandwidth cost and
overprovisioning in Fig. 4 we plot the overprovisioning pa-
rameter � ÎM as a function of the per-unit bandwidth cost �CM
(note the decreasing order of �CM on x-axis). We see that as the
per-unit bandwidth cost �BM decreases (from 2 to 1), the over-
provisioning parameter � ÎM increases, i.e., it is more beneficial
to overprovision more bandwidth. This is not surprising.

In this section, we have studied the static bandwidth pro-
visioning mode, where during a relatively long period, the
provisioned bandwidth on a link will not be changed. The
static bandwidth provisioning mode is simple in bandwidth
management, but may result in inefficient bandwidth usage
facing traffic demand fluctuations. In the next section, we
will study the dynamic bandwidth provisioning mode, where
the link bandwidth could be dynamically adjusted according
to the traffic demand fluctuations in relatively shorter time
intervals.

4 Dynamic Bandwidth Provisioning

In this section we study the dynamic bandwidth provision-
ing problem. As pointed out in Section 2, to account for
potential higher cost in supporting dynamic bandwidth pro-
visioning, it is likely that underlying network domains will
charge a SON different prices for statically provisioned and
dynamically allocated bandwidth. Hence we assume that for
each link H , the cost for reserving L�M amount of bandwidth
statically is, as before, |�M�~�L�M©� ; while the cost of reserving
the same amount of bandwidth dynamically is |�� M ~�L�M�� , where|�� M ~�L�M��O�e|}M�~�L�M©� . Given this price differential, a key question
for a SON is to determine how much bandwidth should be re-
served statically on each link H a priori to meet certain base
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provisioning.

traffic demands, while dynamically allocating bandwidth to
meet additional traffic demands as needed. The objective is
again to maximize the overall long-term expected net income
of a SON.

To focus on the dynamic bandwidth provisioning prob-
lem, we assume that underlying network domains possess
abundant bandwidth that dynamic requests for additional
bandwidth from a SON are always satisfied. In other words,
no request is blocked. Under this assumption, for a given
traffic demand matrix as\c]xh , it is possible to compute the ex-
pected additional bandwidth that needs to be dynamically al-
located to meet the traffic demands. This can be done, for ex-
ample, using the tvu¢wiujz traffic demand model introduced
in the previous section. However such precise formulation is
extremely complicated, and consequently the corresponding
optimization problem is unlikely to be tractable. In the fol-
lowing, we will first describe an approximate model based on
the marginal distributions of the traffic demands on the links
of a SON; and then present an adaptive heuristic algorithm
for dynamic bandwidth provisioning based on online traffic
measurements.

4.1 Approximate Model

Suppose for each link H�Yº� , LNM amount of bandwidth has
been provisioned statically a priori. Given a traffic demand
matrix ab\T]¢h , we approximate the expected additional band-
width that must be dynamically allocated to meet the traffic
demands by the following expression:

� L�MÓI � \cMRjM ¥qL�M��
ð 8 (10)

where \cMCI� M��x] \T] . Then
� L�M ¹ � if and only if \cM9¹¾RjM©L�M .

Using (10) we can write down the approximate overall net
income a SON generates for a given traffic demand matrix

ab\T]xh :�£ ~�ab\T]xh¢��I �]N�T¤ {s]N\S]¦¥ � M§�T¨ |}M�~�L�M©��¥ � M��T¨ | � M ~ � L�M��=¿ (11)

Integrating on both sides of (11) over the (joint) distribution
of Vªas\S]¢h , we have������ �"! �#�$�%�& #(') #+* � , $�-/. , �10 , � * � , $�- ¬32�¬ .54, �76�0 , �98�: ) #<;<= (12)

The dynamic bandwidth provisioning problem can now be
formulated as the following optimization problem:³Z´xµ¯ Û · ² « ~��£ �=¿ (13)

Note that unlike the static bandwidth provisioning problem,
here we do not have any explicit QoS or target utilization
constraints. This is because we implicitly assume that when-
ever the target utilization threshold of a link is about to be
exceeded, additional bandwidth is dynamically allocated on
the link to meet the service QoS. We will refer to the opti-
mization problem (13) as the approximate model for dynamic
bandwidth provisioning. In the following, we will present
an (approximate) solution to the approximate model of the
dynamic bandwidth provisioning problem. For the detailed
analysis, we refer interested readers to [8].

Assume both bandwidth cost functions are linear, i.e., for
any H�Y�� , |�M�~�L�M©��I>��M©L�M and |�� M ~ � L�M���I>�"� M � L�M , where ��M���"� M for any H . Let L�� M be such that ÂGWSab\cMi¹ÑRjM©L�� M h[I?��M�u���� M .
Then the set axL@� M h is an (approximate) solution to the dynamic
bandwidth provisioning problem. That is, L<� M is the amount of
bandwidth to be statically provisioned on link H , while the
portion to be dynamically allocated on the link is given by
(10) with L�M replaced by L�� M , for a given traffic demand matrixab\T]xh .

An intuitive interpretation of the above results is that un-
der the dynamic bandwidth allocation model, we need to stat-
ically reserve at most L@� M amount of bandwidth on each link
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H , where the probability that the (average) aggregate load on
link H exceeds the statically reserved link bandwidth LA� M equals
the ratio of the two prices on the link, �CM�uB� � M . In the special
case that �BMyIC�"� M , i.e., the unit price of dynamically allo-
cated bandwidth is the same as that of the statically reserved
one, we have L@� M Iß� . Hence in this case, no static bandwidth
needs to be reserved.

4.1.1 Numerical Examples

In this section we perform numerical studies to illustrate the
properties of the dynamic bandwidth provisioning model,
and compare it with the static bandwidth provisioning model.
Unless otherwise stated, the per-unit bandwidth per-unit time
earning {s]ÞID� , and �BM}IP� , �"� M IP�¢¿E	 . The target link uti-
lization threshold RTM is �c¿E� .

In the first set of studies, we examine the effects of the
per-unit bandwidth price ��� M for dynamically allocated band-
width on the amount of bandwidth LNM provisioned statically
a priori and the approximate revenue

« ~��£ � . In these stud-
ies, we use the simple network setting: a single route over a
single link. The traffic demand model is tvu¢wiujz and the
long term average traffic demand on the route is à¢�j� . Fig. 6
presents the bandwidth L�M provisioned statically (upper plot)
and the approximate revenue

« ~F�£ � (lower plot) as functions
of ��� M , respectively. From the figure we see that as the per-unit
dynamic-bandwidth price increases, more bandwidth needs
to be provisioned statically a priori. However, the increase
in the amount of static bandwidth is not significant as �5� M in-
creases from ��� M I �¢¿§� to �"� M Iÿà . On the other hand, as
we increase the price for dynamically allocated bandwidth,
the approximate revenue

« ~G�£ � decreases. This is due to the
fact that a SON needs to statically provision more bandwidth
a priori on each link, in addition to having to pay more for
dynamically allocated bandwidth.

In the next set of numerical studies, we compare the dy-
namic bandwidth provisioning model with the static band-
width provisioning model in terms of obtained approximate
revenues. We use the tree network topology (see Fig. 5). In
the following HJILK denotes a route from service gatewayH to service gateway K . The path with minimum “hop-count”
(i.e., service gateways) is used as the route between two ser-
vice gateways. In the tree topology, four routes are used:X �ÞI3MGNIPOÀ� , XGàQI3M��QIROê� , XS�I3MT�UIPO�à , andXV�êIWM�àXIYOià . In the numerical studies below, we use thetvu¢wiujz traffic demand model. Moreover, the expected traf-
fic demand for all routes is à¢�j� . We set {s]GI»�s� , �F]JIfà for
all routes, and �BMÄIé� for all links. The value of ¸ is chosen
in such a way that ¸N] I áZ r \T] . Fig. 7 presents the approxi-
mate revenue as a function of the (long-term) average traffic
demands for dynamic and static bandwidth provisioning, re-
spectively. From the figure we see that, for both dynamic
and static bandwidth provisioning models, the approximate

revenue increases as the average traffic demand increases.
Moreover, the dynamic bandwidth provisioning model has a
higher approximate revenue than that of the static bandwidth
provisioning model. Note also that as the average traffic de-
mand increases, the difference between the approximate rev-
enues of dynamic bandwidth provisioning and static band-
width provisioning becomes larger. This is possibly due to
the fact that, as the average traffic demand on a route in-
creases, traffic along the route becomes more bursty (recall
that the marginal distribution of traffic demand on a route
is Poisson), and the dynamic bandwidth provisioning model
works better than the static bandwidth provisioning model in
this case.

4.2 Adaptive Online Bandwidth Provisioning Al-
gorithm

In developing the approximate dynamic bandwidth pro-
visioning model, we have assumed that the (average) traf-
fic demands are known a priori for determining the addi-
tional bandwidth that must be dynamically allocated to meet
the traffic demands (10). The approximate model has very
nice computation and performance properties but in gen-
eral the traffic demand matrix may not be available a pri-
ori. In this section, we present a heuristic online bandwidth
allocation algorithm (for short online dynamic model) that
emulates the approximate dynamic bandwidth provisioning
model. The online dynamic model dynamically adjusts the
allocated bandwidth on a link according to the measurement
of the traffic demands on the links of a SON.

As before, let p\c] denote the long-term average traffic de-
mand on route W , and p\^MÓI� ]s� M��x] p\S] , the long-term average
traffic demand on link H . Based on the measurement of traffic
demands on the links, our target in this section is to deter-
mine the amount of bandwidth LNM that should be statically
provisioned a priori to meet certain base traffic demands,
and the amount of bandwidth

� LNM that should be allocated
dynamically to accommodate the traffic demand dynamics
in a SON.

Let
_

denote a fixed time interval. In the online dynamic
model, the average traffic demand \ªM during each such time
interval is calculated at the end of the time interval. Based
on the measured average traffic demands and the contracted
service QoS, the bandwidth allocated on each link will be
adjusted accordingly at the end of the time interval. More-
over, the allocated bandwidth will be kept constant during the
next measurement time interval. In other words, the allocated
bandwidth is only adjusted at the end of each measurement
time interval. To reduce the frequency of allocating addi-
tional bandwidth or de-allocating extra bandwidth caused by
short-term traffic fluctuations, bandwidth will be allocated
in units of quota, which is a chunk of bandwidth [17] and
normally much larger than one unit of bandwidth. In the fol-
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lowing, we will denote the size of a quota by [ (in unit of
bandwidth).

Let L�M denote the amount of bandwidth that has been pro-
visioned statically on a link H a priori. In the online dynamic
model, L�M is chosen in such a manner that, if the average traf-
fic demand on the link does not exceed p\^M , the service QoS
will be honored, i.e., L�MCI�\ p\cMRTM][_^ [i8 (14)

note that, the initial static bandwidth is allocated in units of
quota.

Next, we discuss the allocation of additional bandwidth
and de-allocation of extra bandwidth on an arbitrary link H .
To reduce the possibility that the service QoS is violated,
the online dynamic model will allocate additional bandwidth
(a new quota) as soon as the average traffic demand is ap-
proaching the target link utilization level threshold, instead
of until the threshold is exceeded. Let `ba denote a positive
number, and O�M the current total bandwidth on link H , i.e.,O}M¦IÑL�MB� � L�M . Then an additional quota will be allocated
onto link H as soon as \^M ¹cO�M§RjMx¥d`ea . `fa is called the forward
threshold for allocating a new quota. Similarly, a backward
threshold for de-allocating an extra quota is defined as (de-
noted by `hg (a positive number)): an extra quota is released
from link H only if \^Mjif~kO�MF¥J[���RjM�¥l`hg . As a summary, we
present the online dynamic model in pseudo-code in Fig. 9.

1. Set initial static bandwidth m ,onqpsrt ·u ·wvTxAy .
2. At the end of each measurement interval:
3. for each link z :
4. /* { , : current total bandwidth on link z */
5. Calculate the average traffic demand | , .
6. if | ,"} { ,�~�,����]�
7. { ,�n { ,B� y
8. else if | ,"��� { ,�� y�� ~�,������
9. { ,�n��s�A� � m ,]� { ,�� y �

Figure 9. Online dynamic model.

Because the online dynamic model only adjusts band-
width on links at the end of a measurement interval, it is
possible that the service QoS is violated during the course
of the interval. As in static bandwidth provisioning with
penalty in Section 3, certain penalty will apply in this case.
Let �F] denote the average penalty suffered by per unit of traf-
fic demand per unit of time (the measurement time interval)
along route W when the service QoS along the route is vio-
lated. Then the revenue of the online dynamic model for a
measurement time interval is,pÍÉI �]s�j¤ {N]N\S]j¥ � M��j¨ |}M�~�L�M©��¥ � M��j¨ | � M ~ � L�M���¥ �]s�j¤ �F]N\T]B� ¯�° ·7���F·]� û · � M§�¢] ² 8

(15)

where the indicator function � ¯E°�· ��� · � û · � M��x] ² I»� if \SM©uBO�MÄ¹RjM holds for any link H on route W , � otherwise.
In the following, we perform numerical studies to illus-

trate the bandwidth allocation behavior of the online dynamic
model based on the measurements of real Internet traffic. The
data trace we use was collected at the University of Auckland
Internet access link on December 1, 1999, lasted roughly
for à�� hours [15]. In this study, we only use the portion of
measurement from �s� : �¢� AM to 	 : �j� PM and refer to it as as
Auckland data trace. Fig. 8 presents the average traffic ar-
rival rates (i.e. traffic demands) of the Auckland data trace,
where each point represents the average traffic demand for a	 minute time interval (which is also used as the basic unit of
time, i.e.,

_ I3	��Qçk�C3 _ {�U , see Fig. 2). Let the basic unit of
bandwidth (traffic demand) be �+� KNujU , then the mean traf-
fic demand and the standard deviation of the Auckland data
trace traffic demand are 2096 and 442, respectively.

The following studies are carried out in the simple net-
work setting and the following parameters are used. The per-
unit bandwidth per-unit time earning {b]ºI�� , and ��MGIõ� ,� � M I��¢¿E	 , �F]iI�à . The target utilization threshold RSMÄIÉ�c¿E� .
The size of a quota [ If�^¿��B� , where � is the standard devi-
ation of the Auckland data trace. The forward and backward
threshold `eaiI>`kg}Iv�^¿�([ .

Fig. 8 presents the average traffic demands (per	��Qçk�C3 _ {�U ) and the corresponding allocated bandwidth in
the online dynamic model. For the purpose of comparison,
we also include the bandwidth provisioning behavior of the
approximate dynamic model. From the figure we see that the
online dynamic model is able to adjust the link bandwidth
according to the dynamics of the traffic demands on the link
and meanwhile remains insensitive to small short-time fluc-
tuations in traffic demands (for example, see the allocated
bandwidth at time à��ª8�àB	 and àB� ). Because of the nature
of the online dynamic model, sometimes the bandwidth on
a link could be less than the average traffic demand on the
link (for example, at time �A� ), where a penalty will apply.
(A penalty may apply in other cases.) Comparing the curve
of the approximate dynamic model with that of the online
dynamic model, we see that the online dynamic model ap-
proaches the approximate dynamic model reasonably well
(with a small lag interval), except that the approximate dy-
namic model has a smaller initial static bandwidth than the
online dynamic model. (However, recall that the initial static
bandwidth of the online dynamic model is only based on the
long-term average traffic demand while of the approximate
dynamic model, it relies on the distribution of the average
traffic demands.) Note also that the approximate dynamic
model is more sensitive to the fluctuations in traffic demands
than the online dynamic model.

Table 1 gives the mean revenues (per-unit time) of the
approximate dynamic model and the online dynamic model.
From the table we see that the approximate dynamic model
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Table 1. Per-unit time average revenue.
Approximate model Online model

Average revenue  A¡�¢¤£ ¡(¥< �¦
has a higher per-unit time average revenue than the online
dynamic model. There are possibly two reasons. Firstly, un-
der this parameter setting, the amount of initial static band-
width of the online dynamic model is larger than that of the
approximate dynamic model; moreover, the bandwidth is al-
located in units of quota in the online dynamic model, which
also tends to reserve more bandwidth than needed. These
two factors cause a higher expense on the overlay with the
online dynamic model. Secondly, the online dynamic model
is measurement-based and the bandwidth on a link is only
adjusted at the end of the measurement time intervals. Con-
sequently, as we discussed before, service QoS may be vio-
lated during a time interval and incurs penalty on the over-
lay. However, given that the approximate dynamic model re-
quires the traffic demand matrix to be known a priori while
the online dynamic model does not, we believe the latter is a
good approximation to the former overall.

5 Conclusions and Future Work

In this paper, we studied the bandwidth provisioning prob-
lem for service overlay networks (SONs). We considered
both the static and dynamic bandwidth provisioning mod-
els, and our formulation of the SON bandwidth provision-
ing problem took into account various factors such as service
QoS, traffic demand distributions, and bandwidth costs.

The approximate optimal solution we developed to the
static bandwidth provisioning problem is generic in the sense
that it applies to different marginal distributions of the traffic
demands on the routes in a network, which makes the solu-
tion very attractive facing different traffic arrival behaviors.
The static bandwidth provisioning model is simple in terms
of network resource management but may result in inefficient
network resource usage if the traffic demands are highly vari-
able. In this kind of environments, the dynamic bandwidth
provisioning model outperforms the static bandwidth provi-
sioning model, albeit with more expensive network resource
management. We investigated the effects of various parame-
ters like static and dynamic bandwidth costs on the revenue
that a SON can obtain, which provides useful guidelines on
how a SON should be provisioned to stay profitable.

Currently, we are investigating the effects of time granu-
larity for measuring (average) traffic demands on the band-
width provisioning of a SON and the resulting network per-
formance. We are also interested in exploring the functional-
ities of service gateways in support of service-aware (multi-
path) routing, which may have great impact on how a SON

should be dimensioned and provisioned.

References

[1] D. G. Andersen, H. Balakrishnan, M. Kaashoek, and R. Mor-
ris. Resilient overlay networks. In Proc. 18th ACM SOSP,
Banff, Canada, October 2001.

[2] A. Charny and J.-Y. Le Boudec. Delay bounds in a network
with aggregate scheduling. In Proceedings of QoFIS, Berlin,
Germany, October 2000.

[3] Y. Chawathe, S. Fink, S. McCanne, and E. Brewer. A proxy
architecture for reliable multicast in heterogeneous environ-
ments. In Proceedings of ACM Multimedia, Bristol, U.K.,
September 1998.

[4] Virtela Communications. http://www.virtele.com.

[5] Internap Network Services Corporation.
http://www.internap.com.

[6] D. Cox and V. Isham. Point Processes. Chapman and Hall,
1980.

[7] Z. Duan, Z.-L. Zhang, and Y. T. Hou. Bandwidth provisioning
for service overlay networks. In Proceedings of SPIE ITCOM
(Scalability and Traffic Control in IP Networks) 2002, Boston,
MA, July 29 – August 1 2002.

[8] Z. Duan, Z.-L. Zhang, and Y. T. Hou. Service overlay net-
works: SLAs, QoS and bandwidth provisioning. Technical re-
port, Computer Science Department, University of Minnesota,
February 2002.

[9] N. Duffield, P. Goyal, A. Greenberg, P. Mishra, K. Ramakrish-
nan, and J. Merwe. A flexible model for resource management
in virtual private networks. In Proc. ACM SIGCOMM, Cam-
bridge, Massachusetts, September 1999.

[10] A. Girard. Routing and Dimentioning in Circuit-Switched Net-
works. Addison-Wesley, 1990.

[11] F. P. Kelly. Routing in circuit-switched networks: Optimiza-
tion, shadow prices and decentralization. Advances in Applied
Probability, 20:112–144, 1988.

[12] M. Parulekar and A. M. Markowski. M/G/ § input processes:
A versatile class of models for network traffic. In Proc. IEEE
INFOCOM, pages 419–426, Kobe, Japan, April 1997.

[13] V. Paxson and S. Floyd. Wide area traffic: The failure of pois-
son modeling. In Proc. ACM SIGCOMM, pages 257–268, Au-
gust 1994.

[14] S. Savage, T. Anderson, and et al. Detour: a case for informed
internet routing and transport. IEEE Micro, 19(1):50–59, Jan-
uary 1999.

[15] Auckland Data Trace. http://pma.nlanr.net/traces/long/auck2.html.

[16] Z.-L. Zhang, Z. Duan, and Y. T. Hou. Fundamental trade-offs
in aggregate packet scheduling. In Proceedings of IEEE Inter-
national Conference on Network Protocols (ICNP), Riverside,
CA, November 2001.

[17] Z.-L. Zhang, Z. Duan, and Y. T. Hou. On scalable design of
bandwidth brokers. IEICE Transaction on Communications,
E84-B(8), August 2001.

10


