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This paper addresses the problem of bandwidth allocation in ATM networks. Users
are assumed to place a bene�t on the bandwidth they are assigned by the network. The
network constraints are used to derive prices for the bandwidths which induce users to
share the limited network resources according to their bene�t functions. This formulation
leads to a distributed pricing algorithm, which is integrated with the problem of assigning
capacities on the virtual paths connecting ATM switches such that the physical trunk
capacity constraints are satis�ed. The algorithm can be used for tra�c management in a
Virtual Private Network (VPN) in which one entity controls all the users.

1 INTRODUCTION

The emerging Asynchronous Transfer Mode (ATM) technology is based on the switching
of small �xed length packets [1]. The motivation behind ATM is that the network should
be able to support the increasing number of diverse digital services that users now require,
or may require in the future. The problem we address in this paper is how to support
di�erent types of service demanded from an ATM network.

Previous telecommunications networks were designed with one service in mind [2],
so the performance of those networks was optimized for that service. With an increasing
number of digital telecommunications services being o�ered, this traditional approach
requires many networks to be designed, installed, maintained and operated. Furthermore,
when a new service becomes available, this approach suggests a completely new network
should be designed to optimize its performance. However it is di�cult to predict the
performance requirements for new services. This di�culty, and the inability to share
existing resources across di�erent networks, leads to ine�ciencies.

An alternative approach is to design one network that is able to accommodate all
services that exist now or may exist in the future. ATM is an example of this approach.
In ATM the available resources are shared between all services, such that an optimum sta-
tistical sharing of those resources is obtained [3]. As new services have unknown require-
ments, it may be impractical to base bandwidth allocation schemes on the requirements
of present services. One proposal is to move these decisions to the terminal equipment at
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the edge of the network, and somehow ensure that the combined user rates do not exceed
the network capacities [4].

When a call arrives at the network the network must decide whether to admit that
call, if the necessary resources are available, or else reject it. One possibility is to allocate
the peak bandwidth to the call. However this does not take advantage of statistical
multiplexing of the sources. Another possibility is to allocate less than the peak rate, at
the expense of cell loss and delay. In such a scheme it is necessary to know the statistics of
all the sources in order to decide on call admission and bandwidth allocation. In addition,
for the network to �nd out what resources are needed, the source must inform the network
of the call statistics. The source may not have any incentive to do this, or may not even
be aware of what the characteristics will be [5], as in a data call. Even if this information
were available, the network must police the call to make sure that it is adhering to what
was speci�ed at call setup. Many methods have been proposed to deal with admission
and policing for bandwidth allocation. While policing the peak rate is possible, trying to
enforce the mean rate is di�cult. Kelly notes that `many believe that mean rate policing
is impractical' [5].

The bandwidth allocation method we propose in this paper is to have users self-
regulate their tra�c demands. The self-regulation mechanism is based on economic prin-
ciples of pricing for resource allocation. In this case the resources are the capacities of
the virtual paths. The bandwidth given to a user is considered to be a commodity which
is sold by the network to the user [6], [7]. We view the users as placing a bene�t, or
willingness-to-pay, on the bandwidth they are given. Given a price per unit of band-
width, a user's bene�t function completely determines the user's tra�c input. Users are
assumed to act in their own best interests, independently of all the other users, and are
capable of responding to changes in the price for bandwidth.

In our formulation, network constraints such as virtual path capacities are translated
into cost functions on the bandwidth demands. The network operator sets the prices so
that the marginal bene�t the users place on their bandwidths is equal to the marginal cost
of handling that tra�c in the network3. The prices are adjusted dynamically based on
monitored network conditions. It is assumed that when the price of bandwidth increases,
users reduce their demands. There is no need for enforcement of call parameters in our
scheme, because there is no pre-agreed contract between users and the network. A typical
con�guration that we envisage is shown in Figure 1.

This kind of self-regulation of tra�c sources is technologically feasible, though for
short pricing intervals the user responses would have to be automated. Examples of self-
regulation can be given for voice, video and data. In the case of a voice call, suppose the
network is not busy so that the price for bandwidth is low and the source is demanding
64 kb/s or more to get high quality voice. As the network gets congested and the price
increases, the source may reduce its bandwidth demand to 32 kb/s by using adaptive
PCM. As the price increases further, the source may further reduce its bandwidth by
using more complicated coding schemes, like eliminating the silences in the speech or
giving less bits per sample. This will degrade the quality of the speech but in a graceful
way. An example of a bene�t function that a user could place on a voice call is shown in

3We address only variable costs corresponding to network constraints, and do not discuss the recovery
of �xed network costs.
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Figure 1: Proposed con�guration for access

Figure 2. We approximate this as a smooth function so that we can formulate a continuous
optimization problem. Technological improvements may make this approximation closer
to an actual bene�t function. For video calls a similar argument can be made and the
quality of the video degrades as the bandwidth reduces. For data calls, such as �le transfer,
the degradation is in response time.
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Figure 2: Typical bene�t function for a voice call

The users would not continually negotiate for bandwidth manually but rather by
means of an intelligent network interface, as in Figure 1. This interface can be programmed
by the user with their bene�t function and their requirements for each type of service.
Thus access is service dependent but the network itself is not, and hence the network is
future-proof.

2 SYSTEM MODEL

We model the ATM network as consisting of virtual paths and virtual circuits, as shown
in Figure 3. A virtual circuit carries one call from its source to its destination on one
physical connection, so the cells arrive in order at the destination. A connection is set up
when the call arrives, and a virtual circuit is established through the network. A virtual
path is established by the network to simplify routing by grouping virtual circuits [8].

3



We assume that a virtual path is set up for every source{destination pair, and all virtual
circuits using a virtual path are for the same source{destination pair. Thus when a call
arrives at the access to the network it is assigned a virtual circuit, which is amalgamated
on one virtual path with the virtual circuits for other calls from that source to destination.

Physical trunk

Virtual Circuit
Virtual Path

  VC admission control
 Statistical multiplexing

  VP admission control
Deterministic multiplexing

Figure 3: Virtual Path/Virtual Circuit connections

The virtual paths are carried by the physical network trunks, whose capacities are
assumed to be �xed. A virtual path may be switched by a virtual path switch at inter-
mediate nodes, where its virtual path identi�er (VPI) may be changed. We assume that
statistical multiplexing of the sources is done in the sense of allocating a capacity, CVq , to
virtual path Vq which is less than the sum of the virtual circuit peak bandwidths using
Vq. The network decides the capacities of the virtual paths and these satisfy the physical
trunk capacity constraints. Here we assume deterministicmultiplexing at the virtual path
level, as in Figure 3.

To de�ne our terminology, consider an example four node network with 150 Mb/s
trunks as shown in Figure 4.

ATMATM

ATM ATM

21

3 4

Each Trunk is 150 Mb/s

Figure 4: ATM Physical Network

This physical network contains an embedded logical network which consists of vir-
tual paths connecting the ATM nodes. The ATM nodes are then virtual path switches
for transit tra�c and virtual circuit switches for originating and terminating tra�c. A
possible logical network is shown in Figure 5 for the physical network of Figure 4, where
it can be seen that the physical trunk capacity constraints are satis�ed.
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The users connected to an ATM switch wish to send tra�c to various destination
ATM nodes. Their bene�t versus bandwidth curve for a particular call is assumed to
be concave increasing in general, as shown in Figure 6. This follows the usual economic
assumption that users value the �rst part of a commodity the most, with diminishing
incremental valuation as they get more of the commodity [6],[9].
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VP 2−4
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Capacity 15 Mb/s

Capacity 45 Mb/s Capacity 60 Mb/s

Capacity 75 Mb/s

Capacity 30 Mb/s

Capacity 30 Mb/s

Figure 5: Logical Network embedded into Physical Network
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Figure 6: User Bene�t as a function of Tra�c Rate

Time is divided into pricing intervals. The users are free to alter their bene�t
functions from one pricing interval to the next, but these curves are �xed during a pricing
interval. The ATM switch gives a price at the start of an interval which is also �xed
for the duration of the interval. The user bene�t function and the price then determine
how many cells the user supplies during that interval. We are not concerned with the
actual arrival distribution, as this is a cell scale component and can be bu�ered [10]. We
concentrate on the burst scale component [10], and as long as the number of cells supplied
in an interval is less than the total number that can be served in that interval we assume
that there is no congestion.

3 PROBLEM FORMULATION

We assume that the physical network is given. The problem we consider is how to induce
the users to contend with each other for network capacities so that the various constraints
are satis�ed. We divide this problem into two parts : �rstly, how to get the users to share
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a virtual path without exceeding its capacity; and secondly, how to assign the capacities
of the virtual paths so that the physical trunk capacities are satis�ed.

Consider the problem faced by a user attached to ATM node i in deciding their
bandwidth demand for a particular call, denoted r, to destination ATM node j. Let
the call be assigned to virtual path Vq. The network quotes all users a price per unit of
bandwidth, �q, on virtual path Vq. Each user then uses their (private) bene�t function
benrq for call r to decide their bandwidth at that price, brq. This decision process can be
formulated mathematically as follows :

maximize benrq(brq) � �q � brq

Each user solves a maximization problem of this form for each call to destination ATM
node j, for each j. The optimality condition for this maximization is [11]

@benrq

@brq
� �q = 0 ; 8 r; Vq (1)

Our previous assumptions on user behavior mean that, given the price per unit of band-
width �q, each user solves equation 1 to determine their optimal bandwidth demand for
call r on virtual path Vq.

Consider now the systemmade up of all the users and the ATM network, and suppose
for the moment that there is a single `system manager' who knows all the problem data.
We will see later on that in fact no such system manager is needed. The system manager
has to choose two sets of variables : user bandwidth demands fbrqg and virtual path
capacities fCVqg. There are two types of constraints on the choice of values for these
variables : virtual path capacities and physical trunk capacities.

The sum of virtual path capacities for all the virtual paths using a particular physical
trunk, ln, must be less than the physical trunk capacity :

X

all Vq

CVq Pqn � Cn ;

where Pqn is 1 or 0 depending on whether the virtual path Vq contains the physical trunk
ln or not. This capacity constraint can be enforced by using a barrier function approach,
in which the constraint is dropped but a cost term trunkcostn corresponding to it is added
to the system objective function. For example,

trunkcostn :=
1

Cn �
P

all Vq CVqPqn

�
1

Cn

The shape of this cost term is shown in Figure 7, and ensures that as the physical trunk
capacity is approached, the `cost' of assigning virtual path capacities on the physical trunk
becomes in�nite.

The virtual path capacity constraint requires that the total cell arrival rate at a
virtual path must be less than the capacity of that virtual path :

X

r

brq � CVq ; 8 Vq
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Figure 7: Barrier Function For Physical Trunk Capacity Constraint

We drop this constraint but add a corresponding barrier function term, V costq, to the
system objective function. For example,

V costq :=
1

CVq �
P

r brq
�

1

CVq

Note that the `cost' term V costq depends on both the bandwidth demands from the
users and the virtual path capacities. For a given virtual path capacity, increasing user
bandwidth demands will increase V costq; while for given bandwidth demands, increasing
the virtual path capacity will decrease V costq.

The system problem can be formulated as follows :

maximize f
X

all Vq

[
X

r

benrq(brq) ] � V costqg �
X

all ln

trunkcostn

We assume that this problem has a solution. For strictly concave increasing bene�t
functions and strictly convex increasing cost functions, this solution is unique.

The optimality conditions for the system problem are [11]

@benrq

@brq
�

@V costq

@(
P

r brq)
� 1 = 0 ; 8 r; Vq (2)

and

�
@V costq

@CVq

�
X

all ln

@trunkcostn

@(
P

all Vz
CVzPzn)

� Pqn = 0 ; 8 Vq (3)

Comparison of equations 1 and 2 shows that by setting

�q =
@V costq

@(
P

r brq)
(4)

individual user bene�t maximization coincides with system optimality. There is no need
to have a system manager who knows all the user bene�t functions as well as the network
data. The network operator can induce system-optimal user behavior by setting the prices
as in equation 4 without any knowledge of the user bene�t functions.
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The virtual path capacities are chosen by the network operator to satisfy equation
3. This is equivalent to choosing the fCVqg so that, for every virtual path Vq,

�
@V costq

@CVq

=
X

all ln

@trunkcostn

@(
P

all Vz
CVzPzn)

� Pqn (5)

The term on the left-hand side of this equation is positive : the virtual path cost function
is a decreasing function of the virtual path capacity. This term represents the marginal
bene�t to the network of assigning virtual path capacity CVq . The term on the right-hand
side is also positive : as a virtual path capacity is increased, the physical trunk costs for
those trunks which make up the virtual path also increase since there is less spare capacity
on those trunks. This term represents the marginal cost to the network of assigning CVq.

4 DISTRIBUTED ALGORITHMS

Let time be divided into successive pricing intervals of length T . Within each interval the
bene�t functions of all the users are assumed to be �xed; however, these bene�t functions
may change from one interval to the next. T may be on the order of milliseconds using
present technology, but its actual value is not crucial to the algorithms we propose. A
lower bound on T is given by the minimum time required to observe the change in the
user's demand. The price per unit of bandwidth �q on virtual path Vq is announced by
the network at the start of each pricing interval, and remains �xed for the duration of
the interval. Hence, as explained in Section 3, each user solves a maximization problem
to decide their optimal average bandwidth brq, and transmits exactly brq � T cells during
the interval.

Suppose the capacities of all the virtual paths are �xed. If the network operator
announces prices f�qg, the users optimally self-select and demand bandwidths fbrqg.
At each ATM node, these bandwidths are monitored, enabling the network operator
to calculate the marginal cost of each virtual path with respect to its total tra�c arrival
rate, as given by the right-hand side of equation 4.

If these marginal costs are equal to the prices that were announced, then the system
optimality conditions in equation 2 are satis�ed. If not, then the prices must be updated
to correct for the di�erence. For example, if the user bandwidths are low enough that
the virtual path marginal costs are lower than the prices, the network operator would
lower the prices to try and increase the user bandwidths. If the virtual path marginal
costs are higher than the prices, the user tra�cs are too high and the network operator
would attempt to drive down the tra�c rates by increasing the prices. Among the possible
schemes for updating the prices are steepest descent and Newton's method. The updating
scheme used will determine the convergence characteristics of the pricing algorithm.

We summarize this negotiation phase between the network and the users by the
following Bandwidth Allocation Algorithm :

Step 0. network operator chooses initial values for the prices f�qg

Step 1. network operator announces these prices to the users at the start of the current pricing interval

Step 2. users respond by choosing their fbrqg according to equation 1
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Step 3. network operator calculates the marginal costs of the virtual paths with respect to the band-
widths, as on the right-hand side of equation 4

Step 4. network operator adjusts the prices f�qg to reduce the di�erence between the terms in equation
4 ) go to Step 1

Note that the Bandwidth Allocation Algorithm is purely local to an ATM node and
so can be done at the ATM node to which the users are attached.

Suppose now that the virtual path capacities are also variable. For given bandwidth
measurements, the network operator can calculate the marginal cost of each virtual path
with respect to its capacity, as given by the left-hand side of equation 5. For each virtual
path Vq, the network operator can then check whether equation 5 is satis�ed. If so, the
system optimality conditions in equation 3 are satis�ed for these values of the fbrqg and
fCVqg. If not, then the network operator must adjust the values of the fCVqg to try and
satisfy equation 5. Again, there are a number of possibilities for the updating scheme
that could be used.

The adjustments to the values of the fCVqg cause changes in the user bandwidths.
Hence these adjustments should be coordinated with the user negotiations. It is likely
that the virtual path capacities would be updated much less frequently than the user
bandwidths[8]. This leads to the two-phase algorithm outlined below.

Step 0. network operator chooses initial values of the virtual path capacities fCVqg

Step 1. network operator calculates marginal costs of the physical trunks with respect to these values
of the fCVqg, as on the right-hand side of equation 5

Step 2. run the above Bandwidth Allocation Algorithm, UNTIL it is time to adjust the virtual path
capacities ) go to Step 3

Step 3. network operator calculates the marginal costs of the virtual paths with respect to the fCVqg,
as on the left-hand side of equation 5

Step 4. network operator adjusts the virtual path capacities fCVqg to reduce the di�erence between the
terms in equation 5) go to Step 1

If the user bene�t functions remain constant, then if the above algorithm converges,
it converges to the unique solution of the system problem. However in practice the user
bene�t functions may change every pricing interval, as the users alter their valuation of
bandwidth depending on their service requirements and the quality of service provided
by the network.

We envisage that this pricing algorithm runs continually in the network. Conse-
quently the users are assumed to be responsive to new prices every T seconds. In practice
we expect that the user responses would be automated, perhaps by programs running
in their network interfaces. The users input their desired service characteristics to this
program, as in the examples in Section 1. These characteristics may include monitoring
the observed quality of service provided by the network. If this is not acceptable to the
user, then e�ectively they increase their bene�t function to take higher prices in the hope
of getting a higher bandwidth. If the service quality is excellent, they may lower their
bene�t function in the hope of paying a lower price while still maintaining an acceptable
level of service quality.

For example, suppose that a user wishes to send a �le that consists of 100 cells and
their required maximumdelay is one second. If the pricing interval has length T = 10msec
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then the user may start with a very low bene�t curve. As this is very low the user only
sends a few cells when the prices for the �rst interval are announced by the network.
Then in the next interval they increase their bene�t curve to see if they can get a better
throughput. This can continue until towards the end of a one second period when the
user starts to place a high bene�t on getting their cells through and so will be willing to
pay a higher price to get them accepted than initially. An intelligent network interface
can be programmed with this kind of strategy.

The adjustment of virtual path capacities, which we assume takes place on a longer
time scale than the user negotiations, is a network problem which requires the ATM
nodes to communicate so that the physical trunk capacity constraints can be satis�ed.
This process may also be distributed. Each ATM node could be made responsible for
assigning virtual path capacities fCVqg for those virtual paths originating at the node.
The embedding of virtual paths into the physical network would then determine how the
ATM nodes coordinate to ensure that the physical trunk capacity constraints are met.

5 VPN TRAFFIC MANAGEMENT

An emerging application for ATM networks is the setting up of Virtual Private Networks,
or VPNs. In this case one operator controls the network and all applications running
on it. These applications may include voice, video conferencing, video telephony and
data transfer. In some VPNs, the operator may place a high priority on operational data
transfer, and low priority on other data transfers, leaving the delivery guarantee up to
the higher layer protocols such as TCP. Also the relative importance of voice and video
applications may vary over time and possibly from node to node. For example, operational
video and voice might get higher priority than other tra�c types.

However, assigning dynamic priorities is di�cult. If the real{time applications such
as voice and video are given priority to ensure timely delivery, then data tra�c may get
higher loss even though it may not be able to tolerate cell loss as much as voice. On the
other hand, if priority is given to data and large bu�ering is employed, then real{time
applications may su�er large variable delays.

What is needed is a dynamic adaptive intertemporal priority scheme. The priorities
should be assigned depending on the present state of the network, as well as previous
network states. Rather than have a complicated priority scheme, a pricing scheme like
the one proposed in this paper could be used. The bene�t functions would be set by
the operator for the di�erent services such as voice or video. The operator could also set
di�erent bene�t functions for applications of the same type. Each such application would
then input tra�c according to its assigned bene�t function and the current state of the
network, as re
ected in the prices.

Another use of pricing is in dropping cells due to congestion. Suppose that data
transfer uses Ethernet frames and one cell is dropped from a frame. Then the bene�t of
the rest of the frame should be set to zero as the whole frame has to be retransmitted
anyway. Similarly, if there are a number of video calls in progress, it may be better to
drop all the cells from one call during congestion rather than to spread out the loss.
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6 CONCLUSIONS AND FUTURE DIRECTIONS

This paper suggests pricing and user self-regulation as a means of allocating bandwidth
in ATM networks. The suitability of this scheme for tra�c management, and its com-
patibility with other bandwidth allocation and congestion control methods proposed in
the literature, is still an open question. If user bene�t functions do not have the shape
assumed in this paper, the convergence of the pricing algorithm in quasi-static conditions
may be a�ected. Our assumption is that the bene�t of making a call is associated entirely
with the sender. But in practice the bene�t is shared, and some pre-call negotiation may
be necessary to agree on call parameters acceptable to all parties. If intermediate ATM
nodes switch on the VCI as well as on the VPI [1], users at di�erent ATM nodes have to
compete for shared resources, which complicates the algorithm and may increase the min-
imum length of a pricing interval. Fixed network costs may be recovered using an access
charge rather than the usage-based charges in our pricing scheme. However we believe
that the possibility of using dynamic pricing for bandwidth allocation is an interesting
one and worthy of further investigation.
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