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During the one-year period of this projec:, research
efforts were focused on three parts.

1. Design and prototype implementation for auctioning
qualitative service in a single domain DiffServ network.
Assuming a single DiffServ network domain, we
designed an auction-based market mechanism. Its
pricing scheme drives the market to an efficient and
stable equilibrium without requiring a priori knowledge
of user demands. Our game theoretic analysis shows that
at the equilibrium, no one user will unilaterally change
bid. The market mechanism has two desirable properties
of “the uniformity of user purchase versus resource
provision” and “the law of diminishing returns.” A
reference implementation architecture of the market
mechanism is realized in a small network to validate our
market design as shown in Figure 1.

Il Design of an integrated pricing and bandwidth
allocation scheme for quantitative service
The objective of this task is to induce users’ demand
behavior and to guide resource allocation of the service
provider so that the total revenue of service provisioning
is maximized. QoS items considered are the average rate
and delay bound. Three subtasks were completed:
a) Reviewed DiffServ network architecture and
identified the foundation for pricing system design.
b) Formulated pricing and resource allocation problem
of single DiffServ domain.
¢) Developed solution algorithms and investigated
properties of the pricing policy (Figure 6).

11I. Design and implementation of an experiment system
Jor pricing control of NTU dormitory traffic.

To facilitate the fairness among dormitory users, to
alleviate congestion and increase efficiency, and to
provide differentiated services, we collaborated with Prof.
Y.-L. Sun of NTU computer center and designed and
implemented an experiment system as shown in Figure 8.
The system provides a two-priority service, and daily
allocates to every dorm user a fixed quota to buy the high
priority service. We will soon carry out experiments to
study pricing control and user demand behaviors.

Keywords: Internet, QoS, DiffServ, Auction, Pricing,
Enabler, Bandwidth Allocation
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I. Design for auctioning qualitative
DiffServ network
Network providers will provide network transport
service with different QoS in the future. To achieve such
goal, it is intuitive to separate the service into several
classes. Packets with some classes should be ransferred
in a higher priority in order to achieve better QoS. The
relative QoS concept is called qualitative service. The
class-based QoS provisioning is the basi: idea of
Differentiated Service (DiffServ) Architecture proposed
by IETF.
I.1 Network Infrastructure for Market Mechanism

service in

To realize a market in the DiffSers domain,
functional elements additional to normal DiffServ
infrastructure such as purchasing agent and pricing
server should be constructed. These additional elements
offer the functionality of pricing, accourting, and
bidding. A user needs a purchasing agent in his PC to
help him communicate with the market. The DiffServ
domain needs a pricing server to integrate bidding
information, making resource allocation, and recording
billing data. All functional elements in the inf-astructure
to facilitate our market operation are introduced below:

Purchasing Agent

Since our market mechanism is auction based, the
users needs to bid in the market. The purchasing agent
should have the following functions:

1. Send the user’s bid to the network provide-;

2. Receive market information from the network
provider; and

3. (Optional) Help the user to make bid decisions.

The purchasing agent may be a socket-baszd process
running in the user’s computer or a web browser
interface (Fig.1).

Pricing Server

The pricing server is the holder of the market It
plays the role of integrating bidding information and
making resource allocation. When users riake bids
through the purchasing agent, the bid message is
transferred to the pricing server. The response of the
pricing server should be fast in order to reflect the instant
floating price of the market. Pricing server has the
following functions:

1. Calculate the resource that should be allocated to
each user.

2. Inform the bandwidth broker of the DiffServ domain
to give router commands in order to make the new
bids effective.

3. Return necessary information back to use-s in order
to let users know the new market situation

4. Recording billing and accounting information

The functional block diagraph of the pricing; server is
given as (Fig.2).

Bandwidth Bandwidth and DiffServ Router

The roles of bandwidth broker and DiffServ routers
are the actual service providers. The bandwidth broker
received the resource allocation information from the
pricing server. It transfers the information into router
commands and sends the commands to domain routers.
The domain routers receive the command from the
bandwidth broker and add new control entries following
the commands to execute the QoS control.

When bandwidth broker receives the new resource
allocation from the pricing server, it gives command to
domain routers to make the new resource allocation take
effect. When the new inter-domain contract is re-
negotiated, the bandwidth broker should tell the pricing
server about the new forwarding rate of the whole
domain so that the pricing server can calculate the new
resource allocation and inform all market users about the
market resource variation. When the domain boundary
routers receive the command from the bandwidth broker,
they change their traffic policing parameters in referred
TCB(s). Through the cooperation of bandwidth broker
and domain routers, the resource allocation from the
pricing server can be executed successfully.

1.2 Pricing Policy for Qualitative Service: Auction

In the auction-based pricing mechanism, there is no
distinct tariff about the Qualitative PHB capacity. The
market price is determined by consumers’ behavior when
they compete for limited resource. Every user can bid at
any time and cause the market situation to change. When
the network is lowly utilized, the competition for limited
resource is light and the market price falls. When the
network is heavy loaded, the price will be driven high
because of violent resource competition. So the unit price
of the resource is floating over time.

1.3 Market Operation

there are two trading modes for market operation:
asynchronous trading mode and synchronous trading
mode. The difference between the two modes lies on the
resource allocation time spot. The market operation
under both modes are introduced below:

Asynchronous Trading Mode

When our designed market is in the Asynchronous
Trading Mode, any user can bid at any time and the bid
takes effect instantly. Figures 3 and 4 show the Flow
chart and sequential diagram respectively.

Synchronous Trading Mode

The synchronous trading mode is similar to
asynchronous trading mode except the pricing server will
not calculate the new market distribution and resource
allocation instantly. The pricing server only takes the job
of resource allocation calculation and signaling
periodically. The bids announced between two
calculation time spot will be held until the next time spot
takes place.

1.4 Market Property Analysis

This research also proves the existence and uniqueness
of Nash Equilibrium Point in the designed market
mechanism through mathematical analysis. The



mechanism assures the stability of the designad market.
We also show that our market design has the properties
“The uniformity of user purchase versus resource
provision” and “basic economic law of diminishing
returns”. The first property is that when the capacity
provisioned by the market increases, every active user in
the market favors to purchase more qualitative service
capacity. The second property is that when th: available
capacity in the market increases, resource urit price at
market equilibrium falls. The two properties show that
our market design behaves reasonably when the
provisionable mariet resource varies.

II. Design of integrated pricing and bandwidth
Allocation Scheme

In this thesis, we study and design a reso irce-based
pricing scheme for quantitative services ir DiffServ
networks. Design objectives are to induce users’ demand
behavior and to guide resource allocation of the service
provider so that the revenues of the provisioning is
maximized. There are three stages in our research:

(I) Review DiffServ network architecture ard identify
the foundation for pricing system design;

(ID formulate Pricing and resource allocation problem of
single Internet Service Provider (ISP) under the DSA
and

(II1) develop Solution algorithms and
properties of the pricing policy.

Our study is focused on pricing transport service in a

single service management domain, for exaimple, the

management domain of an Internet service: provider

(ISP).

nvestigate

In a DiffServ domain (Figure 5), there are three
kinds of network devices: boundary routers, core routers
and a Bandwidth Broker (BB). The BB menages the
domain resources and negotiates service cortract with
users. A boundary router is the first router through which
some users access the domain. User packets flows are
classified and policed according to individtal service
contract. Core routers mainly forward packet flows
according to their classification among routers.
Boundary and core routers and BB together aim at
providing two kinds of services in a DiffServ network:
qualitative service and quantitative servicss.  The
former only provide relative differences :n service
quality among services classes but the latte- provides
quantitatively guaranteed quality to individual service
classes.

Our research is focused on a quantitative service,
where the average transmission rate and the de:lay bound
of each service class are guaranteed. Obviously since
these QoS indicators are absolutely assurinces, the
resource allocation certainly has the specific relationship
with these indicators. Within these quantitative services
we has defined, the relationship between the delay bound
and the resource allocation will be derived based on the
traffic description, a simple token bucket.

In formulating the pricing problem, we iirst model
all the users into an aggregate user for simplicity. In

describing a user's behavior, we adopt the “log-log”
approximate model of the INDEX project [INDEX],
which quantifies the user's connection time with respect
to price structure. The proportion of the connection time
of a class to the total connection time serves as an
estimate of the probability that a user chooses the
specific service class. Based on these analysis and
approximation, the users’ reaction is described with the
changes of price structure. In addition, the business
model of the network supplier (e.g. ISP) and the
operation of the basic market are both announced. With
two-side models, user-side and supplier-side, we can
formulate the pricing problem step by step. First, the
objective function is to maximize the revenues of the
service provider. Some constraints must be considered,
which are the delay bound constraints of different service
class because of the absolute QoS differentiation, the
total link capacity constraint, connection time constraints,
and the range of prices constraints. As mentioned above,
the pricing and resource allocation problem under DSA
has been established completely.

In developing solution algorithms, two methods
are adopted for solving the pricing problem that is non-
linear; one is Sequential Quadratic Programming (SQP)
method, and another is Exhaustive Search (ES) algorithm.
Compared to the two methods, we figure out that when
the constraint about the range of prices is extended, the
solution by SQP method easily falls into the local
maximum, which results in incorrectness. However, the
solution by ES algorithm always approaches the optimal
value in spite of the changes of the constraints. But
unfortunately on adding the service classes, ES algorithm
becomes inefficient. Thus, it is not suitable for too many
service classes. In addition, we consider an example of
two service classes with a view to investigate the
properties of pricing policy. The result shown in Figure 6
indicates that when the connection arrival rate is lower,
the prices of different service classes almost are equal.
The results induce users to choose the service class with
higher QoS. Instead, when the connection arrival rate is
higher, the prices are differentiated. Users are forced to
choose adequate service classes due to the finite resource.
But some drawbacks also appear like the fact that if the
connection arrival rate is much too low, the prices still
are differentiated. However, most properties of pricing
policy are rational and intuitive.

III. Virtual pricing system of differentiated service
network for NTU dorm

II1.1 Experimental Architecture

The experiment architecture include (1) swith
router “Accelar”, (2) packet Engine, (3)router “7513” (4)
data collection server, (5) traffic control and accounting
server and (6) web server. System home page and
network architecture are shown in Figures 7 and 8.

II1.2 Pricing model

The supplier (NTU network managers) gives every
user (male-3 dorm student) a fixed amount of daily quota
to enforce the fairness for using high priority service.



Then, a peak-load pricing scheme is designed for traffic
control. A game theoretic analysis is performzd. A user,
arranges his demand and buy the network services to
maximize his utility of one day under tie budget
constraint. For simplification, the supplier regards all
users as identical users according some empirical statistic
data. By solving the two-person game problem, we get
the peak and off-peak prices to maximize total users’
utility. Experiments (Figures 7 and 8) have been
designed to study users' demand function and traffic
control by pricing.
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This project has closely followed the original research
goal of designing QoS-based pricing po icies and
enablers for Internet. Pricing policies of both qualitative
and quantitative services under a single domain DiffServ
architecture are designed and analyzed. There are two
experimental implementations to demonstrat: enabling
technologies, one for the auction-based mar<et design
and the other for campus network management. Results
have been partially published as listed below and more
will be submitted to international journals for
publication.
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