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Abstract
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Introduction

It has been demonstrated that transmitting
multimedia traffic with the ABR service class
is beneficial [1, 2]. For example in [2], Roberts
demonstrated how the ABR service class can
be used to transmit MPEG-compressed video
resulting in utilization over 95% as compared
to 30-60% using the Variable Bit Rate (VBR)
service class. However, due to the dynamic
and unpredictable nature of multimedia traffic,
proper ABR rate control becomes more difficult.

Multimedia applications are expected to play
a more prevalent role in integrated service
networks. One method of efficiently transmitting such traffic uses the ABR service class.
However, rate control for this class becomes
more difficult due to the bursty and somewhat
unpredictable behavior of multimedia traffic.
This paper presents a microeconomic-based
ABR rate control technique that models the
network as competitive markets. Prices are
affixed to ABR bandwidth based upon supply
and demand, and users purchase bandwidth
to maximize their individual QoS. This yields
a state-less rate control method that provides
Pareto-optimal and QoS-fair bandwidth distributions, as well as high utilization. Simulation
results using actual MPEG-compressed video
traffic show utilization over 95% and better
QoS control than max-min or demand-based
weighted max-min.

ABR explicit rate control relies on network
feedback provided by Resource Management
(RM) cells that are circulated for each connection [3]. A RM-cell traveling from the source
to the destination will be referred to as moving upstream, while a RM-cell traveling from
the destination to the source will be referred to
as moving downstream. The RM-cell consists of
several fields, one of which is the Expected Rate
(ER). This field indicates the maximum rate
the network can support for this user. As the
RM-cell travels along the path, a switch and/or
destination may alter its contents. Exactly how
this is done depends on the strategy. Once the
cell reaches the destination it is returned to the
source, which must alter transmission based on
the RM-cell information.
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Methods that perform rate allocation can be
generally classified on whether they maintain
per-connection state information [4]. Methods
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that maintain state information that is directly
used in the calculation of the allowable rate of
a user will be referred to as state-maintaining.
Alternatively, if per-connection state information is not required for the calculation of the allowable rate, it will be referred to as state-less.
Of these two categories, a state-less method is
preferred. Such a method does not require the
overhead (storage and computational) of connection tables when computing allowable rates.
Also, state-less implementations are scalable to
larger networks since additional data structures
are not required.
When a switch becomes congested, many of
these ABR rate control strategies attempt to
allocate bandwidth in a fair (weighted maxmin) manner [3]. Examples of ABR rate control
methods that achieve weighted max-min fairness include [1, 5, 6] and can be differentiated
based on how weights are assigned. Using the
Minimum Cell Rate (MCR), that is declared
in the RM cell, as the weight was done by [5]
and [6]. A Source with a larger MCR would
receive a larger portion of the available bandwidth; yet, no evidence was provided indicating
weights assigned in this manner are appropriate
(especially for multimedia) or provide better results than max-min. Lakshman, et al. introduced another state-maintaining ABR rate control method for transmitting compressed video,
where weights were based on the desired bandwidth of a user (demand-based weighted maxmin) [1]. Simulation results demonstrated that
this method can perform better than max-min
when transmitting compressed video; yet, it
assumes traffic that requires the most bandwidth is more sensitive to bandwidth reductions, which we will demonstrate is not necessarily true. Furthermore, these implementations were unfortunately state-maintaining.
An alternative method of bandwidth allocation incorporates microeconomic theory [7,
8, 9, 10, 11]. Microeconomic methods have
been proven to achieve optimal distributions,
such as Pareto-optimal and equitable allocations [12] (optimality and fairness definitions
are provided in section 2). While these meth-

ods can achieve optimal allocations, they are
not appropriate for ABR rate control, since network conditions are not permitted to change
dynamically.
Microeconomic-based techniques designed
specifically for ABR rate control include [13,
14]. In [13], switches allocate ABR bandwidth in a proportionally fair manner based
on the “willingness-to-pay” provided by each
user. When conditions change, users determine a new willingness-to-pay via a curve fitting process which relies on a history of previously optimal decisions. In the ABR rate control method of [14], users bid for some amount
of effective bandwidth. While effective bandwidth allocates over a longer time scale, these
techniques are difficult to apply to sources with
little or no a priori information (for example,
live and interactive video) and can be considered too conservative [14].
In this paper we introduce a state-less ABR
rate control technique based on the “dynamic
competitive market” model [15]. This model
adapts to changing networks conditions (such
as users entering/exiting the network and multimedia traffic) and is therefore appropriate for
ABR rate control. In our method, ABR bandwidth is priced and users pay for their usage;
however, it is important to note that this is
done for rate control only, not revenue generation or cost recovery. Pricing ABR services for
revenue, not rate control, is described in [16].
Advantages of our ABR rate control strategy
include:
• State-less implementation
• High bandwidth utilization
• Equitable allocations (QoS-fair)
• Control of individual QoS
• Simple computations for switches and
users
The remainder of this paper is structured as
follows. Section 2 describes the competitive
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market model and optimal allocations. Section 3 describes our microeconomic-based rate
control method in detail. Section 4 describes
the simulation results including comparisons
to max-min and Lakshman’s ABR rate control method, using actual MPEG-compressed
traces. Finally, section 5 summarizes the results and discusses some open questions.
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tion without lowering the utility (satisfaction)
of another. Many different Pareto-optimal allocations may exist in a competitive market
in equilibrium. For this reason, we employ
a social welfare criterion, the equitable criterion, to compare and rank Pareto-optimal allocations. In economics, the equitable criterion
states that each agent should enjoy approximately the same level of utility. When applied
to a computer network, an equitable allocation
is one in which all users have the same perception of QoS (also referred to as QoS-fair). This
is the measure of fairness used in this paper.
This model was chosen for our ABR rate
allocation technique because of its ability to
achieve certain desirable goals, such as Paretooptimal distributions and price stability. The
competitive market also has a simple structure
and a well founded mathematical basis for analysis. We again emphasize that our goal is ABR
traffic management with QoS.

Competitive Market Model

The competitive market model consists of
scarce resources and two types of agents, consumers and producers. Consumers require resources to satisfy wants. Producers create or
own the resources sought by consumers. These
agents come together at a market, where they
buy or sell resources. Usually these exchanges
are intermediated with money and the exchange rate of a resource is called its price. One
method for setting the price in a competitive
market is the tâtonnement process. First proposed by Lêon Walras, the tâtonnement process
iteratively determines the price of a resource
based excess demand [17]. The excess demand
is a function of the total (aggregate) demand
and supply of the resource. The price increases
if the demand is greater than the supply and
decreases when the demand is less than the supply. The iterative process repeats until a price
is reached such that supply equals demand; at
this point the market and price are in equilibrium. We will refer to the prices calculated
before the equilibrium price is reached as intermediate prices. Buying and selling normally
do not occur with the intermediate prices [18];
however, this constraint will not apply to our
rate control method. This allows demands to
change dynamically (hence the name “dynamic
competitive market”) and is achieved using a
modified tâtonnement process described in the
next section. When the market is in equilibrium the resulting allocation is weighted maxmin fair, proportionally fair per unit charge
and Pareto-optimal [12]. Pareto optimality is
the allocation of finite resources such that no
sub-set of agents can improve on their alloca-
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A Proposed ABR Rate
Control Strategy

This proposed ABR rate control strategy is
based on the dynamic competitive market
model [15], where pricing is done to promote
high utilization as well as Pareto-optimal and
equitable allocations. The resource priced is
ABR link bandwidth1 and will be considered
a non-storable resource (similar to residential
electricity). For this reason, users cannot purchase bandwidth with the intent to use it at a
later date.

3.1

Switch

The switch owns the ABR link bandwidth that
is sought by users. The network consists of several switches interconnected with links. For a
unidirectional link between two switches, we
consider the sending switch as owner of the
bandwidth of that link. Each switch prices its
1
Since we are pricing only ABR link bandwidth, all
references to bandwidth will refer to ABR bandwidth.
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ABR bandwidth based on local supply and demand. Therefore a single switch, having multiple output ports, will have one price associated
with each output port, where i represents the
ith link of the economy.
As defined by the ABR service class, a switch
will periodically receive RM-cells. The RM-cell
provides the user feedback about the links (or
destination) in their route. We propose using
the link price as feedback, since users must scale
bandwidth consumption due to budget constraints. The price in the RM-cell is initialized
to 0 by the source node. At the switch, the current price for link i is inserted into the RM-cell
traversing link i if it is greater than the price
already stored in the RM-cell. The switch can
update a RM-cell traveling upstream or downstream. We assume that the price is stored in
the ER field of the RM-cell; therefore, no additional field is required and no other information
is placed/altered in the RM-cell.
The price for link i is calculated at the switch,
at discrete intervals. At the end of the nth interval, the switch updates the price of link i using a modified tâtonnement process. A limitation of the tâtonnement process, in its original
form, is the inability to dynamically adapt to
changing demands (which are prevalent in networks). To handle such dynamics the following
modified tâtonnement process [15] is used,

pin+1 = pin ·

din
α · Si
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Figure 1: QoS profiles for teleconferencing and
Multimedia on Demand (MoD) applications.
is Pareto-optimal and equitable [12]. A single
equilibrium price does not exist for all time;
however, the process will move towards the new
equilibrium price when demand changes (proof
provided in [12]). Since the price is calculated
using only the aggregate (not individual) demand, supply and current price, this rate control method is state-less.

3.2

User

User j, executing a network application, desires
a maximum amount of bandwidth for transmission, bjm . This amount of bandwidth maximizes
the utility of the user and is expected to change
over time (for example compressed video). In
order to determine the allowable transmission
rate ajr , the user must know: the route price,
their wealth and their utility function.
As defined by the ABR service class, user
j periodically generates RM-cells that circulate
through the route to obtain feedback about network conditions. When the RM-cell reaches
the destination it is returned (via the same
route) to the user. The returned RM-cell contains the route price, which corresponds to the
bottlenecked link in the route. The user is
charged continuously for the duration of the
session (analogous to a meter). To pay for the
expenses, we will assume the user provides an
equal amount of money over regular periods of

(1)

where pin+1 is the new price, pin is the current
price, S i is the link capacity and din is the aggregate demand for bandwidth. In a dynamic competitive market, the modified tâtonnement process adjusts the price at regular intervals, based
on the demand (received traffic) and the supply. The bandwidth supply is the total bandwidth times a constant α, where 0 < α ≤ 1.
This modification causes the price to increase
after some percentage (α) of the total bandwidth has been sold. An equilibrium price pi∗ is
reached at link i when the supply equals the demand. At equilibrium, the resulting allocation
4

ajr+1 , is determined in response to a new price,
or a change in application demand,

j
j
wj
j
 min{ w
pn , bm } if b̌ ≤ pn
j
ar+1 =
otherwise, b̌j was
 ∅
not affordable
(2)

time. We will refer to this as the budget rate
of user j, wj ($/sec). A method of wealth distribution that achieves an equitable allocation
is provided in [12].
Based on prices and wealth, user j can afford a range of bandwidth, less than or equal
to bjm . Preferences in the amount of bandwidth to use is provided with a utility function
(individually defined for each user). We will
use QoS profiles for the utility functions. The
QoS profile is a function relating satisfaction
to resource allocation, and is determined from
psycho-visual experiments. The profile can be
approximated by a piece-wise linear curve with
three different slopes (examples are shown in
figure 1). The slope of each linear segment represents the rate at which the performance of
the application degrades when the network allocates a percentage of the maximum desired
bandwidth (bjm ). A steeper slope indicates the
inability of the application to easily scale bandwidth (for example, high quality video), while a
flatter slope signifies the application can more
readily scale bandwidth requirements (for example, teleconferencing or data transmission).
The horizontal axis measures the bandwidth ratio of allocated bandwidth to maximum desired
bandwidth (bjm ). The vertical axis measures the
satisfaction and is referred to as a QoS score.
Our QoS scores range from 1 to 5, with 5 representing an excellent perceived quality and 1
representing very poor quality. We will refer
to an acceptable QoS score as any value greater
than or equal to 3. As seen in the figure, if the
allocated bandwidth is equal to the maximum
desired bandwidth (bjm ), the ratio is 1 and the
corresponding QoS score is 5 (excellent quality). As this ratio becomes smaller the QoS
score reduces as well. Profiles can be created
for a variety of applications and redefined as
users gain more experience. New and updated
profiles can be easily incorporated within the
economy as they become available. More information about QoS profiles and the relationship
between bit-rate and quality can be found in
[19, 20].
Finally, a new allowable transmission rate,

j

where pn is the most recent route price, w
pn is
the maximum amount of bandwidth affordable
and b̌j is the minimum bandwidth acceptable
(determined from the QoS profile). As noted
in the equation it is possible that the minimum
is not affordable, due to the QoS constraint,
prices and budgets. Properly managing such a
situation is an area for future work.
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Experimental Results

In this section the performance of the pricebased rate control method is investigated via
simulation. Experiments performed will consist
of a realistic network configuration, allow users
to enter/exit the network, have different application types and use actual MPEG-compressed
traffic. A comparison is made with two other
ABR rate allocation methods, max-min and
weighted max-min. The max-min fairness criterion was chosen since it is sought by many current ABR rate control methods [3]. The maxmin implementation was centralized and no
communication overhead was included; therefore the max-min results presented here should
be considered better than what is possible in
practice. The weighted max-min rate control
algorithm by Lakshman, et al. [1] was selected
because it is described as an ABR rate allocation method for transmitting compressed video.
Weights are equal to the desired bandwidth of
each application; therefore this method will be
referred to as “demand-based weighted maxmin.” This method requires frame prediction to
allocate bandwidth before it is required; however a look-ahead buffer was used instead. For
this reason, the performance of this method
should be considered best possible2 . Exper2
A correction was made to the algorithm presented
in [1] and was confirmed by the author.
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Figure 2: Network configuration used in simulations.
imental results will show that the proposed
price-based rate control technique achieves high
link utilization and equitable (QoS-fair) allocations, as well as better QoS control than maxmin or demand-based weighted max-min.
The network simulated consisted of 152
users, four switches and seven 55 Mbps links,
as seen in figure 2. The network can be described as a“parking lot” configuration, where
multiple sources use a primary path. This configuration was agreed upon by members of the
ATM Forum [21] as a suitable benchmark for
allocation methods; it models substantial competition between users with differing routes and
widely-varying propagation delays.
Since there is a variety of applications that
transmit compressed video, user applications
were considered one of two types: Multimedia
on Demand (MoD) or teleconferencing. We are
interested in determining if the rate allocation
methods are able to provide equivalent QoS
scores (utility) regardless of application type
(equitable allocation). MoD applications require the transmission of high quality voice and
video. These applications can scale bandwidth
requirements only within a limited range, since
bandwidth control is achieved through quantizer control. Teleconferencing applications, in
contrast, can transmit lower voice and video
quality. This is primarily due to quantizer control as well as the ability to transmit below the
standard 24 or 30 frames per second. The dif-

ference is apparent from QoS profile associated
with each application type, as seen in figure 1.
Regardless of the type of application, the source
for each user was one of 15 MPEG-compressed
traces obtained from Oliver Rose at the University of Würzburg, Germany [22]3 . Users entered the network at random times uniformly
distributed between 0 and 120 seconds.
The pricing strategy had the following initial values. MoD users had a budget rate4 ,
w, of 3 × 108 /sec, while teleconferencing users
had a budget rate of 1.5 × 108 /sec. Teleconferencing users are given a lower budget because they are able to scale bandwidth requirements more readily. This was done to achieve a
more equitable allocation. Although a method
for determining the wealth of each user is presented in [12], for this simulation wealth was
assigned based on the bandwidth ratio required
to achieve a QoS score of 3. While the wealth
assignment method is less complex, it will result in an allocation slightly less equitable than
possible. Switches initialized their prices to 50
and α (the target utilization) to 95%. Switches
updated their link prices at 10 msec intervals, a
compromise between the desire for responsiveness, and the need for stability.
3

Traces can be obtained from the ftp site
ftp-info3.informatik.uni-wuerzburg.de in the directory /pub/MPEG
4
The denomination is based on bps; if based on
Mbps, the budget would be 300/sec.
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For comparisons, we are interested in the link
bandwidth utilization and the QoS provided
to each user. Allocation graphs are provided
to measure the utilization of link bandwidth.
To measure the QoS observed, average QoS
graphs, percent Good or Better (GoB) measurements and average QoS scores are provided.
Average QoS graphs measure the average QoS
score observed over time and are based on all
users or on individual type. The percent Good
or Better (GoB) measurement is the average
percentage of time a user had a quality score of
at least 3.
Results from the simulation are given in figure 3 and in table 1. As seen in figure 3(a),
the allocation provided by the price method
for link 0 indicates the total allocation stayed
in the vicinity of 95% (α, the target utilization), yet never crossed 100%. Therefore, pricing was able to properly manage bandwidth
demand (allocation results for the other links
are very similar). For all users, the max-min
and demand-based weighted max-min methods
yielded lower average QoS and percent GoB values. This indicates, on average, users experienced lower QoS scores and enjoyed an acceptable QoS for shorter durations than the pricing
method. More importantly, the pricing method
provided both application types similar QoS
scores and percent GoB values. This represents
a more equitable (QoS-fair) allocation by the
price method than max-min or demand-based
weighted max-min. This is due to the inability of max-min or demand-based weighted maxmin to differentiate between different classes of
users.
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fair) allocations. This results in a state-less
rate control method that requires only simple
computations. Simulation results demonstrate
the ability of the economy to successfully allocate bandwidth of a network to a large number of diverse users, each transmitting an actual
MPEG-compressed video trace. The economy
also provided substantially better control of
QoS than max-min or demand-based weighted
max-min [1]. Finally, we believe the implementation cost will be very reasonable and the
method can be incorporated into the existing
ABR service class (no additional fields in the
RM-cell are required and connection tables are
not needed when determining allowable rates).
Acknowledgements The authors wish to
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