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zhang@cc.jyu.fi, timoh@mit.jyu.fi
2 VTT Information Technology, Telecommunications
P.O. Box 1202, FIN-02044 Espoo, Finland
pertti.raatikainen@vtt.fi
3 Yomi Software Ltd., Finland
kimmo.kaario@yomi.com

Abstract. This paper studies the issue of pricing delay-sensitive services in a DiffServ
backbone network. A bandwidth manager agent is introduced into the QoS provisioning
and pricing architecture. In the core routers, it reserves per-class bandwidth in bulk and,
in the edge routers, it admits individual delay-sensitive services to the reserved band-
width. Additionally, the paper proposes a QoS-aware flat pricing strategy for charging
delay-sensitive applications in the DiffServ backbone networks. Combining the QoS pro-
visioning mechanism and the QoS-aware flat pricing strategy enables economic efficiency
and optimality in the DiffServ backbone network, which has been demonstrated by sim-
ulations.
Keywords: Delay-sensitive Applications, Quantitative QoS Provisioning, Efficient Pric-
ing Scheme, DiffServ Backbone Network.

1 Introduction

The next generation Internet will provide advanced features, such as the Quality of Ser-
vice (QoS) guarantees, to end-users and their applications. As a result, it is expected that
network and service providers will see an increasing number of users as well as a wide
variety of applications. To support QoS in the future Internet, two QoS architectures,
Integrated Services (IntServ) and Differentiated Services (DiffServ), have been standard-
ized by IETF. In the IntServ paradigm [10], the quantitative QoS guarantee is offered by
reserving resources along a connection path for each QoS-sensitive flow. Every network
element has to maintain per-flow state information that causes serious scalability prob-
lems, especially in environments such as the Internet. This has led to the development of
the DiffServ architecture [1], which provides a small number of service classes. Service dif-
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ferentiation can be realized by pre-defined and agreed forwarding behaviors (i.e., Per-Hop
Behavior (PHB)) inside the DiffServ networks.

It is generally believed that DiffServ will be used in the Internet backbone due to its
simplicity and scalability. However, DiffServ does not offer any explicit resource reserva-
tion mechanism, but instead it provides some level of qualitative service differentiation
between the service classes. Delay-sensitive applications, such as Voice over IP (VoIP) or
Video-on-Demand (VoD), are dependent on the timely arrival of their packets, which re-
quires provisioning of the quantitative QoS guarantees to maintain the utility of those ap-
plications. Thus, efficient support of delay-sensitive applications in the DiffServ paradigm
necessitates that extra mechanisms and algorithms, capable of offering the quantitative
QoS guarantees and, at the same time, to preserve the simplicity and scalability nature
of DiffServ, must be added to the DiffServ framework. That is a challenging task for the
networking researchers.

As the Internet is developing to the direction of a multi-service network, the flat-rate
pricing scheme, used in the current Internet, is no longer sufficient or effective. Unlike
IntServ, which can charge users based on the allocated resources, pricing in the DiffServ
networks is more complicated and has drawn a lot of attention in the networking com-
munity. Prior to the wide deployment of DiffServ, an efficient pricing scheme needs to be
developed. In [8], Li et al categorize the existing pricing approaches, developed for QoS-
enabled networks, based on the following three objectives: (1) Economic Efficiency and
Optimality, (2) Simplicity and Scalability, and (3) Quality of Service. These objectives
are often conflicting or even contradictory. Most of the existing approaches try to address
one or more of these objectives and, so far, there has not been any well-accepted solution.
It has been argued that pricing in the Internet backbone networks should be decoupled
from pricing in the access networks and from pricing of the end-users, due to the scale
and complexity of the Internet. In [8], Li et al propose a tariff-based architecture that
separates the pricing in the backbone networks from end-to-end pricing. They modeled
the system as a market, in which the price of a service class reflects the resource avail-
ability inside the network and the price is regulated by the market itself. In [6], Fulp et al
study the issue of optimal connection provisioning and allocation to maximize the service
provider’s profit.

The above pricing approaches are not suitable for delay-sensitive applications, since
they do not consider the QoS performance, actually experienced by the applications, in
their pricing strategies. Additionally, Bouras et al [2] propose an analytical approach to
price a particular class (i.e. Expedited Forwarding [1]) based on its worse-case delay bound
in the DiffServ framework to maximize the end-users’ utility. The approach, presented in
this paper, aims to price a set of classes in such a way that network provider’s revenue
is maximized in the DiffServ backbone, while considering quantitative QoS guarantees of
each of the service classes.

We agree with [8] that pricing in the Internet backbone networks should be decoupled
from pricing in the access networks and from pricing of the end-users, due to the scale
and complexity of the Internet. We address here the quantitative QoS provisioning and
efficient pricing issues of delay-sensitive applications in the DiffServ backbone network.
Particular attention is paid to the intra-domain aspect of the provisioning and pricing
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problems (i.e., the DiffServ backbone network is within a service provider’s domain) and
the inter-domain issue are left for subsequent work.

In the introduced provisioning and pricing model, each class is associated with its SLA
(Service Level Agreement), which specifies the service profile of the class, e.g., the peak
aggregate workload and the quantitative QoS guarantee of the class. Moreover, a band-
width manager agent is introduced into the QoS provisioning and pricing architecture.
The bandwidth manager agent reserves per-class bandwidth from the underlying network
in bulk, based on the per-class service profiles specified in SLAs. Individual applications
send their requests for bandwidth to the bandwidth manager agent, which accepts or
rejects the requests based on the admission control mechanism enforced in the manager
agent. The task of the admission control mechanism is to ensure that the aggregate packet
arrival rate of each class will not exceed the peak value specified in its SLA.

Furthermore, the bandwidth manager agent uses a distributed node provisioning algo-
rithm to define the amount of bandwidth that should be reserved for each class to satisfy
the quantitative QoS guarantee in its SLA. This implies, for example, that each DiffServ
core router is equipped with a multi-queue system. Each queue corresponds to a service
class and is used for storing inbound packets belonging to the corresponding class. In ad-
dition, each class is assigned one service weight, and the corresponding packet scheduler
guides the statistical sharing of the bandwidth of the backbone link.

The node provisioning algorithm is based on the upper bound on the mean packet
delay, proposed in [12]. The meaning of the algorithm is to calculate the necessary service
weight (i.e., the necessary bandwidth) assigned to each class to satisfy the per-class service
profile (i.e., per-class quantitative mean delay guarantee under per-class peak packet ar-
rival rate) in the SLA. In other words, the bandwidth manager agent will first inform core
routers to reserve the bulk bandwidth for each class based on the per-class quantitative
mean delay guarantee and per-class peak packet arrival rate and then admit individual
application flows to the bulk bandwidth. Thus, our approach preserves the network sim-
plicity and greatly aids network scalability, because the bandwidth manager can make an
instant decision about the bandwidth request, coming from a new delay-sensitive appli-
cation session, without consulting the core routers that will carry that traffic.

Finally, we propose a QoS-aware flat pricing strategy, which is realistic and simple to
implement, for charging delay-sensitive applications in the DiffServ backbone network.
The economic efficiency and optimality can be realized in the DiffServ backbone by com-
bining the above QoS provisioning mechanism and the QoS-aware flat pricing strategy.

The rest of the paper is organized as follows. Section 2 presents the QoS provisioning
and pricing model for delay-sensitive applications. The distributed node provisioning algo-
rithm is described in Section 3. Section 4 includes the simulation setup and results of the
the proposed node provisioning algorithm. Section 5 includes the concluding discussion.

2 QoS provisioning and pricing model for delay-sensitive
applications

2.1 Architecture

Assume that there is a DiffServ capable network and its edge routers perform traffic clas-
sification and shaping. Each core router of the DiffServ network implements a multiple-
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Fig. 1. QoS provisioning and pricing architecture for delay-sensitive applications.

queue system, where each queue corresponds to one service class and the supported ser-
vice classes share the backbone bandwidth statistically via a fair packet scheduler (WFQ,
SCFQ or SPFQ). The QoS provisioning and pricing architecture for delay-sensitive ap-
plications is illustrated in Fig. 1. The bandwidth manager is responsible for providing
the required QoS in the network. It is responsible for the setting up and tearing down
of per-class bandwidth reservations inside the network and for controlling the access of
individual application flows to the bandwidth reservations. The per-class service profile,
including the quantitative QoS guarantees and specified in the SLAs, is input to the
bandwidth manager agent. The agent informs the core routers, along the routing path, to
reserve the necessary bandwidth for each class. Each core router then makes the per-class
bandwidth reservations via the node provisioning algorithm using the obtained per-class
service profiles.

Interface IF-3, between the bandwidth manager and the core routers, is needed to
allow the bandwidth manager to set up and tear down per-class aggregate bandwidth
reservations across the DiffServ network. The requests for bandwidth are received by the
bandwidth manager via IF-1 interface and are either accepted or rejected, based on the
used admission control mechanism. Interface IF-2, between the bandwidth manager and
the edge router, is needed to enable the bandwidth manager to control the edge routers on
a per application flow basis. The bandwidth manager also enables/disables each individual
application access to the per-class bandwidth reservation via this interface.

The bandwidth manager greatly aids network scalability, because it acts as a QoS ag-
gregation function that reserves per-class bandwidth from the underlying network in bulk.
The delay-sensitive applications are admitted to the bandwidth individually. The reserva-
tions are based on the service profiles in the per-class SLAs. The bandwidth manager can
make instant decisions to accept new delay-sensitive applications without consulting with
the core routers that carry the application traffics. Thus the proposed QoS provisioning
architecture can provide delay-sensitive applications with quantitative QoS guarantees,
while preserving the simplicity and scalability nature of the DiffServ paradigm.

The data gathering, mediation and charging & accounting modules are added to the
architecture, because efficient pricing and charging of the delay-sensitive applications need
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the measurement data reflecting the QoS performances actually encountered by those ap-
plications. Similar modules are also used in [3] for efficient pricing and charging. The
data gathering module, attached to each core router, is used by the network provider as
an input to the charging & accounting module via the mediation module. The media-
tion module aggregates gathered data and carries out required format conversions. The
charging & accounting module applies the chosen pricing strategy to measured data to
calculate each customer’s charges. A QoS-aware flat pricing strategy is proposed below
for charging delay-sensitive applications in the DiffServ backbone network. The economic
efficiency and optimality can be realized by combining our QoS provisioning mechanism
and the QoS-aware flat pricing strategy.

2.2 Service model and pricing strategy

As mentioned above, we decouple the pricing in Internet backbone networks from the
pricing in the access networks and from the pricing of the end-users. In the context of
an intra-domain DiffServ backbone network, the most obvious service model is that the
service wholesaler (i.e., the backbone owner) provides per-class services to the retailers,
based on the SLAs negotiated and agreed between them. The service retailers may then
sell the above services to the end-users based on the local SLAs. Here, we focus on the
above service model for provisioning transport capacity for delay-sensitive applications in
the intra-domain DiffServ backbone. The service profile of delay sensitive applications in
class i SLA comprises:

– peak aggregate packet arrival rate: packet arrival rate λi,peak specifies the maximum
aggregate workload level that can be carried by class i ;

– measurement period Ti,period: time interval, during which the mean delay experienced
by class i packets is calculated;

– quantitative mean delay guarantee: quantitative delay guarantee Di bounds the mean
delay experienced by class i packets during period of Ti,period if the workload fed into
class i is bounded by λi,peak;

– mean packet size and the second moment of packet size: the distribution of packet size
(Li) of service class i can be any general one, and the mean packet size and the second
moment of the packet size are denoted by L̄i and L̄2

i , respectively;
– pricing strategy : a QoS-aware flat pricing strategy is deployed in the DiffServ backbone.

The above service model specifies the quantitative QoS guarantees offered to each
class in a per-class service profile. We assume that the arrival processes of the per-class
aggregate packet streams may be modeled by the Poisson distribution. A distributed node
provisioning algorithm is proposed below to calculate the necessary service weight (i.e.,
necessary bandwidth), which should be assigned to each class at the core router to satisfy
the per-class quantitative mean delay guarantee. The admission control mechanism, in the
bandwidth manager agent, is to prevent the per-class aggregate packet arrival rate from
exceeding the peak one specified in the per-class service profile. Moreover, the QoS-aware
flat pricing strategy used in this paper is characterized by the following function (for class
i):

ri(d̄i) =

{
Ri if d̄i ≤ Di and λi ≤ λi,peak

−Pi if d̄i > Di and λi ≤ λi,peak
(1)
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where Di is the mean delay bound requested by class i packets, d̄i is the mean delay
actually experienced by class i packets, λi,peak indicates the peak workload supported by
class i , λi is the actual arrival rate of class i packets and Ri and Pi are both positive
constants. The above pricing strategy implies that when the workload, fed into class i, does
not exceed λi,peak, the service provider will gain a revenue of Ri on condition that the QoS
performance (the mean delay), seen by class i customers, is bounded by Di. Otherwise the
service provider should pay a penalty of Pi to its customers. The constraint λi ≤ λi,peak

is guaranteed by the admission control mechanism of the bandwidth manager.
The QoS-aware flat pricing strategy is obviously suitable for pricing the delay-sensitive

applications, because it introduces the delay performance, really seen by the applications,
into the pricing scheme and it compares the received delay performance with the quanti-
tative delay guarantee agreed in the per-class SLA. Moreover, the use of the QoS-aware
flat pricing strategy allows pricing of the customers or applications within the same class
to be flat. This preserves the simplicity and predictability nature of the flat-rate pricing
scheme, commonly used in the current Internet.

3 Distributed node provisioning algorithm

The distributed node provisioning algorithm is used by each core router to calculate the
necessary service weight (i.e., the necessary bandwidth) of each class to satisfy the QoS
guarantees in the per-class service profile. Consider a DiffServ backbone, which supports
N service classes, and assume that the capacity of the outgoing link of a core router is
C bits/s. The service weight of class i is denoted by wi, (i = 1, 2, ...N) and a fair queue
packet scheduler is enforced in the core router to schedule the statistical sharing of the
outgoing link by the N service classes. Di, λi,peak, L̄i and L̄2

i are specified in the service
profile of class i SLA.

A tight upper bound on the mean packet delay of the GPS-based fair queueing algo-
rithms was derived in [12]. It shows that the mean delay d̄i of class i packets is bounded
under the Poisson arrival traffic model and under any general packet size distribution:
d̄i ≤ L̄i/(wiC) + (λiL̄2

i )/(2wiC(wiC − λiL̄i)), as long as wiC > λiL̄i holds (λi is the
class i packet arrival rate). Note that in our service model for the DiffServ backbone, the
customers (service retailer) purchase the services from the network provider (the service
wholesaler) on a per-class basis with the QoS guarantees specified in the per-class ser-
vice profiles. In other words, the bandwidth manager agent should inform the core router
to reserve the per-class bandwidth in bulk so that the per-class quantitative mean delay
guarantee can be satisfied under the per-class peak packet arrival rate. Utilizing the above
upper delay bound, we can construct the following inequality to derive service weight wi,
which should be assigned to class i to achieve its quantitative mean delay guarantee Di

under its peak packet arrival rate λi,peak:

L̄i

wiC
+

λi,peakL̄2
i

2wiC(wiC − λi,peakL̄i)
≤ Di. (2)

By solving (2), we obtain the following inequality:

wi ≥
(1 + λi,peakDi)L̄i +

√
[(1 + λi,peakDi)L̄i]2 − 2λi,peakDi(2L̄i

2 − L̄2
i )

2DiC
, (3)
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i.e., the necessary service weight wi,necessary, which should be assigned to class i to realize
class i service profile, is as follows:

wi,necessary =
(1 + λi,peakDi)L̄i +

√
[(1 + λi,peakDi)L̄i]2 − 2λi,peakDi(2L̄i

2 − L̄2
i )

2DiC
. (4)

It can be noticed from (4) that the constraint wi,necessaryC > λi,peakL̄i, required by
the theorem of the upper delay bound in [12], holds, demonstrating that wi,necessary in
(4) is a valid solution. By calculating

∑N
i=1 wi,necessary, we can also determine whether the

current link bandwidth is enough to satisfy the requested QoS guarantees of all the service
classes supported by the core router. In other words, if

∑N
i=1 wi,necessary ≤ 1, the per-class

mean delay guarantees of all the N classes can be supported by the current outbound link
bandwidth of the core router. Otherwise, the network provider may have to redesign the
provisioning of the backbone bandwidth based on (4).

4 Simulations

4.1 Simulation setup

The simulations were carried out by using the simplified network topology shown in Fig. 2.
The simulated network includes two core routers, connected to each other via a backbone
link, and a bandwidth manager, which sends the link bandwidth reservation, release and
commitment information to the core routers via IF-3. Throughout the simulations, the
bandwidth available on the backbone link was C=1 Mb/s, two service classes (class 1 and
class 2) were supported in the backbone network and WFQ, SCFQ and SPFQ algorithms
were used alternatively in the fair packet scheduler of each core router. Moreover, it
was assumed that the traffic sources feeding packets into the two classes both used the
Bounded Pareto packet size distribution (characterized by BP (bi, pi, αi)), which captures
the self-similarity nature of network traffic [4]. Note that BP (bi, pi, αi) is the probability
density function of the Bounded Pareto packet size distribution of class i, where bi is the
smallest class i packets size, pi the largest packets size and αi the shape parameter [4].

In the simulations, class 1 parameter values b1=10 bytes, p1=1600 bytes and α1=0.1364
resulted in L̄1=250 bytes, and class 2 parameter values b2=40 bytes, p2=2000 bytes,
α2=0.1632 gave L̄2=420 bytes.

Furthermore, the simulations used the following set of SLAs for the two classes:
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Fig. 3. Simulated mean packet delays under WFQ packet scheduler.

– class 1: the peak packet arrival rate λ1,peak = 100 packets/s, measurement period
T1,period = 50 s, mean delay bound D1 = 30 ms, revenue parameter R1 = 20 monetary
units and penalty parameter P1 = 30 monetary units;

– class 2: the peak packet arrival rate λ2,peak = 180 packets/s, measurement period
T2,period = 50 s, mean delay bound D2 = 50 ms, revenue parameter R2 = 10 monetary
units and penalty parameter P2 = 15 monetary units.

The simulated time period was 300 seconds. To evaluate the system performance under
different workload levels, the packet arrival rate of each class was varied in the following
way: During the first 75 seconds, the workload was only 80% of the peak packet arrival
rate. During the next 75 seconds, the workload was 90% of the peak packet arrival rate
and, during the last 150 seconds, the workload was 100% of the peak packet arrival rate.

4.2 Simulation results

Based on the solution of (4) and the parameters of the above simulation setup, it can
be derived that w1,necessary = 0.2897 and w2,necessary = 0.6796. Since

∑2
i=1 wi,necessary =

0.9693, it is clear that the current backbone link bandwidth is enough to satisfy the QoS
guarantees, specified in the above SLAs, and the bandwidth manager informs the core
routers to commit only the bandwidth of 0.9693 Mb/s for the two classes (i.e., the actual
service weights assigned to the two classes were 0.2989 and 0.7011, respectively, under the
committed bandwidth of 0.9693 Mb/s).

The simulated mean packet delays, experienced by each class, are presented in Figs.
3-5. As seen from the figures, the mean packet delays of the two classes are bounded by the
quantitative QoS guarantees, specified in their SLAs, regardless of the deployed fair packet
scheduler (WFQ, SCFQ or SPFQ). The bounds also result in the economic efficiency and
optimality under the QoS-aware flat pricing strategy, i.e., the service provider always gains
positive revenue due to the satisfaction of the QoS guarantees requested by its customers.
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Fig. 4. Simulated mean packet delay under SCFQ packet scheduler.
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Fig. 5. Simulated mean packet delay under SPFQ packet scheduler.

5 Conclusions

This paper studies the problem of pricing delay-sensitive services in the DiffServ para-
digm and makes two contributions. First, we address the issue of efficient provisioning of
quantitative QoS guarantees for delay-sensitive applications in a DiffServ backbone net-
work, while preserving the simplicity and scalability nature of the DiffServ paradigm. A
bandwidth manager agent is introduced into the QoS provisioning architecture for delay-
sensitive applications. It is responsible for reserving the per-class bandwidth in bulk and
for admitting individual application flows to the reserved bandwidth in the edge routers.
The bandwidth reservations are based on the service profiles in the per-class SLAs.

The proposed design realizes the support of quantitative QoS guarantees for delay-
sensitive applications and, at the same time, increases the scalability of that QoS pro-
visioning architecture. These are enabled by the bandwidth manager’s ability to reserve
bandwidth in bulk and to accept or reject new delay-sensitive applications without con-
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sulting with the core routers. Furthermore, a distributed node provisioning algorithm is
proposed for calculating the amount of bandwidth that should be reserved for each class
in the core routers to satisfy the quantitative QoS guarantees, specified in the per-class
SLAs.

The second contribution was that we decoupled the pricing in Internet backbone net-
works from the pricing in the access networks and from the pricing of the end-users. We
propose an efficient QoS-aware flat pricing strategy for charging delay-sensitive applica-
tions in the DiffServ backbone network. Special modules are added to the QoS provisioning
and pricing architecture to efficiently collect the QoS performance data for the implemen-
tation of the proposed pricing strategy. The economic efficiency and optimality can be
realized in the DiffServ backbone by combining our QoS provisioning mechanism and the
QoS-aware flat pricing strategy, which is demonstrated by the simulation results. In the
near future, the efficient inter-domain pricing scheme for delay-sensitive applications will
be studied.
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