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Abstract 
We describe a new algorithm for rate allocation within the individual switches of an ATM net
work implementing a rate-based congestion control algorithm for Available Bit-Rate (ABR) 
traffic. The algorithm performs an allocation in 8(1) time, allowing it to be applied to ATM 
switches supporting a large number of virtual circuits. When the total available capacity or 
the requests of the individual connections change, the algorithm converges to the max-min 
allocation. Results from simulations using ATM sources show that the algorithm provides 
close to ideal throughput and converges to the max-min fair allocation rapidly when the 
available bandwidth or the individual requests change. 
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1 INTRODUCTION 

Broadband packet networks based on Asynchronous Transfer Mode (ATM) are enabling the 
integration of traffic with a wide range of characteristics within a single communication 
network. In these networks, all communication at the ATM layer is in terms of fixed-size 
cells consisting of 48 bytes of payload and 5 bytes for the ATM-layer header. Routing of cells 
is accomplished through packet switches over virtual circuits set up between endpoints. 

Many service classes have been defined for support of various types of applications in ATM 
networks, ranging from real-time video delivery with stringent Quality-of-Service (QoS) re
quirements to electronic mail services requiring no such guarantees. The Available Bit-Rate 
(ABR) service class was defined for the support of best-effort applications that may require a 
minimum-bandwidth guarantee [Giroux, 1995]. This service class allows applications to fully 
utilize the available bandwidth in the network by adjusting their instantaneous transmis
sion rates to the available capacity. A congestion control scheme is essential for the support 
of ABR traffic to utilize the available network bandwidth without causing congestion, and 
to provide a fair allocation of the available bandwidth among the connections sharing the 
network. The ATM Forum Traffic Management Committee recently chose a rate-based con
gestion control framework to satisfy this objective [Bonomi, 1995]. 

With the explicit-rate option for the ATM Forum congestion control scheme, the source of 
each connection periodically transmits a special resource management (RM) cell. The RM 
cell specifies the bandwidth requested by the connection, as well as the current transmission 
rate of the source of the connection. Each switch on the path of the RM cell may modify 
the request based on the bandwidth it is able to allocate to the connection on its outbound 
link. On reaching its destination, the RM cell is returned to the source, which now sets its 
rate based on that allocated on the bottleneck link in the path of the connection. 

Computing the fair share of a connection on an outgoing link of a switch requires an 
algorithm for fair allocation of bandwidth among the connections sharing the outgoing link. 
On receipt of an RM cell from a connection, the algorithm is invoked to determine the 
current bandwidth allocation of the connection on the output link, taking into account the 
available bandwidth and the current allocations of other connections. Such an algorithm for 
rate allocation in packet-switched networks was described by Charny [Charny, 1994]. Upon 
convergence, the allocations computed by this algorithm have been shown to satisfy max-min 
fairness. The algorithm, however, requires examining the state of other active connections 
on the receipt of each RM cell, making its worst-case execution time O(N), where N is the 
number of active connections. This makes it difficult to apply in an ATM switch supporting 
a large number of virtual channels per output link. 

Our primary contribution in this paper is a new rate allocation algorithm with an execution 
time of 8(1). Because its execution time is independent of the number of virtual channels 



An efficient rate allocation algorithm for ATM network 145 

sharing the outgoing link, the algorithm is attractive for implementation in ATM switches 

supporting a large number of virtual channels. When the total available capacity or the 

requests of the individual connections change, the algorithm can be shown to converge to 

the max-min allocation. 
The remainder of the paper is organized as follows: We introduce the proposed algorithm 

in Section 2 and discuss its properties in Section 3. In Section 4, we evaluate the dynamic 

behavior of the algorithm by simulation in an example multi-hop network configuration. We 

conclude the paper in Section 5 with a summary of the results and directions for future work. 

2 DESCRIPTION OF THE ALGORITHM 

The rate-based congestion control framework, on which our algorithm depends, is similar 

to the one described by Charny [Charny, 1994]. The source of each connection requests a 

specific amount of bandwidth to be allocated to the connection by the switches on its path 

to the destination. The request is carried by special RM cells transmitted periodically by 

the source. We assume that each RM cell has the following fields: 

1. The virtual circuit identifier to identify the connection it belongs to. 

2. The amount of bandwidth requested, called explicit rate (ER). 

3. The current transmission rate of the connection, called current cell rate (CCR). The CCR 

field is set by the source of the connection and is not modified by the switches. It is assumed 

that the source would set the CCR field based on the ER value in the RM cell that was 

returned by the network most recently. The latter reflects the bandwidth available at the 

bottleneck link in the network at the time the most recent RM cell traversed it. 

4. A bit indicating the direction of the RM cell. This is necessary to distinguish an RM cell 

transmitted by the source of a connection from one returned by the destination to the 

source. In the following description of the algorithm, bandwidth allocation is performed 

when an RM cell traveling in the forward direction is received at a switch. No processing 

is performed by the switches on an RM cell traveling backwards to the source. 

Note that ER is the bandwidth requested by the connection during the current epoch, 

while CCR is the bandwidth it was allocated during the last round-trip epoch. As the 

RM cell passes through the network, each switch reads the ER field and attempts to allocate 

the requested bandwidth on the output link. If a switch is unable to allocate the requested 

bandwidth on its outgoing link, it modifies the ER field to the maximum bandwidth it 

can allocate to the connection on the outgoing link. When the destination of a connection 

receives an RM cell, the cell is immediately returned to the source through a reverse path. 

On receipt of the RM cell, the source adjusts its rate to be less than or equal to the value 
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in the ER field, which represents the maximum fair bandwidth available to the connection 
on the bottleneck link along its path. The CCR of subsequent RM cells will be set to reflect 
this new allocated rate. The source may request a change in its allocated rate by setting the 
ER field of RM cells by means of a suitable increase/decrease algorithm. In this paper, our 
focus is on the rate allocations algorithm within the switch. Therefore, we assume a simple 
source algorithm in which the source always sets ER to the peak link bandwidth; both the 
CCR field and the current transmission rate of the source are set to the value in the ER field 

of the RM cell returned by the network most recently. 
The rate control algorithm is applied to each switch of the network independently. Within 

a switch, separate instances of the algorithm are executed at each output port to control the 
allocation of bandwidth among the connections sharing the corresponding outgoing link. 

Rate allocation within a switch must be performed according to some fairness criterion, 
so that the total available bandwidth on the outbound link is divided among the con
nections sharing the link fairly. A commonly used fairness criterion is max-min fairness 
[Bertsekas, 1992, Ramakrishnan, 1987]. Let p1, p2 , .•• , PN be the requests of individual con
nections sharing the link and At, A2, •.• , AN be the allocation produced by the algorithm. 
The allocation is max-min fair, if a request is either completely satisfied, or receives an al
location equal to the maximum among all connections. That is, connections that are not 
completely satisfied by the allocation receive equal shares of the output bandwidth. That is, 

if A; < p;, then A;= max A;. 
l~j~N 

In addition, the sum of A;'s should equal the total bandwidth available if there is at least 
one connection with A; < p;. 

Before we proceed to describe the rate allocation algorithm, we pause to introduce some 
definitions and notations. Consider any switch in the path of a connection. Let S(t) be the 
set of active connections sharing the outbound link of this switch at time t. At any time, 
connections in S(t) can be in one of two states - bottlenecked or satisfied. We designate 
a connection as satisfied if, at the most recent update of its allocation, its request was 
completely satisfied. The state of the connection is marked as bottlenecked if the allocation it 
received most recently at the switch was less than its request. We denote the set of satisfied 
connections at time t as Su(t) and the set of bottlenecked connections by Sb(t). Let N(t), 
Nu(t) and Nb(t) denote the sizes of the sets S(t), Su(t), and Sb(t), respectively. We use B(t) 
to denote the total bandwidth available on the outbound link to allocate to ABR traffic, and 
p; ( t) the value of the most recent request from connection i, as taken from the ER field of the 
most recent RM cell received in the forward direction from that connection, and CCR.(t) 
be the corresponding value in the CCR field. A;(t) represents the corresponding allocation 
received by connection i during its most recent update. 
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Now we can describe the main ideas behind the algorithm. The goal of the algorithm is to 

make available to each bottlenecked connection at time t, a maximum bandwidth equal to 

A ( ) _ Total bandwidth available to bottlenecked connections 
max t - Number of bottlenecked connections 

(1) 

The total bandwidth available to bottlenecked connections is the bandwidth left over after 

allocating to satisfied connections. Therefore, the above equation becomes 

B(t) - L A;(t) 
A (t) = iESu{t) 

max Nb(t) (2) 

On receipt of an RM cell from connection j, say at time t, the first step in the algorithm 

is to determine the new state of that connection. This step is performed as follows: If the 

connection j is currently marked as bottlenecked, the algorithm checks whether its state 

needs to be changed to satisfied. This is accomplished by means of the following calculations: 

The maximum bandwidth available to connection j, that is Amax(t) is determined from 

Eq. (2) above using the current values of the parameters in that equation. If the Amax(t) so 

obtained is larger than the current request Pi(t) of connection j, then its state is changed 

to satisfied. On the other hand, if the connection j was in satisfied state when the RM 

cell is received from it, then the algorithm checks if the state of the connection needs to 

be changed to bottlenecked, given the current values of the parameters. This checking is 

accomplished by temporarily setting the state of connection j as bottlenecked and going 
through a computation similar to that of Eq. (2) to determine the maximum bandwidth 

that would be allocated to it. The following equation is used to determine Amax in this case: 

B(t) - L A;(t) + Aj(t) 
iESu{t) 

Amax(t) = -------'::N,-=-'b':-'-(t)o-+---:-1--- (3) 

The computations in both equations (2) and (3) can be performed without searching the 

state of each connection by maintaining the residual bandwidth available for allocation to 

bottlenecked connections, given by 

Bb(t) = B(t)- L A;(t). (4) 
iESu(t) 
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That is, the current bandwidth that can be allocated to bottlenecked connections is the 
total available bandwidth minus the total bandwidth currently allocated to connections in 
satisfied state. Instead of Bb(t), in our algorithm we maintain the quantity 

B(t) 
BJ(t) = B(t)- L A;(t)- L N( ) . 

iESu(t) iESb(t) t 
(5) 

We refer to B1(t) as the "free bandwidth." Note that B(t)/N(t) is the equal share of a 
connection and is the minimum bandwidth it is entitled to receive under any fair allocation. 
We denote B(t)/N(t) by Beq(t), the equal share. Since (Nb(t)+Nu(t))·Beq(t) = B(t), Eq. (5) 
can also be written as 

BJ(t) = Nu(t)Beq(t) - L A;(t) 
iES.(t) 

(6) 

Thus, the free bandwidth can be seen as the bandwidth available as a result of the satisfied 
connections not requesting their equal share. Using B1(t) to compute the allocation instead 
of the actual available bandwidth has an advantage: When a new connection is opened, N(t) 
increases by one even before the connection sends its first RM cell. This has the effect of 
reducing BJ(t) in Eq. (6), thus reducing the allocation to existing connections. This helps 
to reduce congestion during the transient period when the algorithm is converging to a new 
max-min fair allocation. 

Since we use B1(t) instead of B(t) in the algorithm, we re-write Eq. (2), used to check 
state changes for bottlenecked connection, as follows: 

(7) 

Similarly, we re-write Eq. (3), used to check state changes for a satisfied connection, as 
follows: 

(8) 

If we set 

A'(t) = { Aj(t), for all j E Su(t); 
1 Beq(t), for all j E Sb(t); 

then we can combine Eq. (7) and (8) into a single equation: 

A ( ) _ B ( ) BJ(t) + Aj(t)- Beq(t) 
max t - eq t + Nb(tr) + W , (9) 
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where w = 0 if j E Sb(t) and w = 1 if j E S,.(t). 
Thus, Eq. (9) is the actual equation used by the algorithm in its first step to detect state 

changes of connections. Note that, if a state change is found to occur, the parameters Nb(t) 
and N,.(t) must be updated to reflect the new state. 

Once the state of connection j has been updated, the second step of the algorithm is to 
update the actual allocation maintained for the connection j. The new allocation A;(t+) for 
connection j is computed based on the parameters of the RM cell received at t as 

(10) 

That is, the current allocation of the connection is chosen as the minimum among Amax and 
the values in the CCR and ER fields of the RM cell. After updating A;(t), B1(t) is updated 

as 

(11) 

In addition to recording the local allocation, the algorithm also updates the ER field of 
the RM cell before transmitting it through the outgoing link, when necessary. This update 
is performed as follows: If the computed Amax(t) is less than the request p;(t), the ER field 
is set to Amax(t). Otherwise the ER field is not modified. Thus, when the RM cell reaches 
the destination, the ER field reflects the bandwidth available at the bottleneck link along 
the path of the connection. 

A problem arises when the requests of all the connections sharing the outgoing link have 
been satisfied completely. If, for example, one of the connections were to increase its band
width request in such a way that the new request exceeds the maximum bandwidth that can 
be allocated, the connection must now be marked bottlenecked. However, it is possible that, 
at that time, there is another connection in the satisfied state receiving a larger allocation 
than that assigned to the bottlenecked connection. This situation can be prevented by find
ing the connection receiving the largest allocation and marking its state as bottlenecked even 
if it is receiving all its requested bandwidth. This prevents a situation where a connection in 
satisfied state is actually receiving more bandwidth than another in the bottlenecked state. 
Thus, the algorithm maintains the index of the connection receiving the largest allocation 
in a separate variable and updates it on the receipt of every RM cell. 

Equations (9) and (11) form the core of our algorithm. Both updates can be done in 0(1) 
time by maintaining current values of the following parameters, in addition to the current 
state of each connection. 

1. The parameter B1(t) representing the free bandwidth 
2. The value A: corresponding to the current allocation for each connection i 
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3. The number of bottlenecked connections and the total number of active connections, Nb ( t) 
and N(t), respectively 

4. The available bandwidth for ABR connections, B(t), for computation of the equal share 

Beq(t). 

The above description summarizes the algorithm that is invoked on the receipt of each RM 

cell traveling in the forward direction. In addition, the variables maintained by the algorithm 
must be updated when a new connection is opened, an existing connection closes, or when 
the available bandwidth B(t) changes. The complete pseudocode of the algorithm can be 

found in [Kalampoukas, 1995]. 

3 PROPERTIES OF THE ALGORITHM 

The proposed algorithm has some important properties making it especially attractive for 

application to ATM and to packet switching networks in general. Perhaps its most important 

merit is the implementation complexity. The complexity of 8(1) makes it attractive for use 
in ATM switches supporting very large number of virtual channels. This improves upon the 

scheme proposed by Charny [Charny, 1994], which has an asymptotic complexity of O(N) 
where N is the number of active connections. 

When the individual requests p; and the available bandwidth are steady, the algorithm 

can be shown to converge to a max-min fair allocation in finite time [Kalampoukas, 1995]. In 

addition, results from simulations show that the algorithm is responsive to network changes. 

Note that the algorithm always computes a precise allocation based on the current state of 
the requests and available bandwidth; no approximations are employed in the computations, 
and there are no parameters in the algorithm. 

The algorithm can be applied to a network with heterogeneous link capacities. It is asyn
chronous and distributed, and is executed independently by the switches which compute 
the fair bandwidth allocations based only on the bandwidth requests and the bandwidth 
available on the outbound links. The algorithm is robust in the sense that the loss of one 

or more resource management cells does not affect its correctness or stability. However, it is 
obvious that such losses can cause a delay in the reaction of the sources. 

4 SIMULATION RESULTS 

To study the dynamic behavior of the rate allocation algorithm when the requests in the net

work change rapidly, we simulated the algorithm in several example network configurations. 
Results from one such configuration are presented in this section. 
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Figure 1 Network configuration for simulations with ATM sources. 

Figure 1 shows the network configuration used for the simulations. There is a total of 18 

connections in the network belonging to two different types: those using link A and those 

using link B. Twelve of them are destined to output link A of switch 3 and the remaining six 

are destined to output link B of the same switch. Note that the connections using link B share 

the link between switches 2 and 3 with some of the connections using link A, contributing 

to cross traffic in the system. Each node contains two ATM traffic sources, each generating 
traffic based on a simple ON-OFF model where the durations of the ON and OFF periods are 

exponentially distributed. The means of the ON and OFF intervals were set to 0.2 seconds 

each in our simulations, generating on the average 45 ON/OFF requests per second. Data 
traffic is transmitted only in the forward direction (that is, from left to right). In all the 
simulations, the sources always requested the peak link bandwidth for the entire duration 
of their connections. A simple source policy was assumed where the transmission rate of the 

source was always set to the value in the ER field of the most recent RM cell belonging 

to the connection that was returned by the network. The spacing between consecutive cells 
transmitted by the source is 1/r, where r is the current transmission rate of the connection. 
The rate of transmission of RM cells at each source was chosen as one every 32 cells. 

Figures 2 and 3 present the utilization of links A and B for two choices of propagation 

delays per link, namely 0.1 ms and 1 ms, and for two buffer sizes, 8 KBytes and 64 KBytes. 
Each point in the graph is based on averaging the utilization over an interval of 10 ms. Link A 

can be expected to be fully utilized since connections 13-18 cannot be bottlenecked at any 
other switch. The average utilization of link B can be expected to be close to 50% based on 

the following reasoning: According to the ON/OFF model used, half of the connections are 

expected to be open on the average at any time. Therefore, the bandwidth of the output 

link of switch 2 should be allocated equally among the active connections of 1-6 and 7-
12. The bandwidth expected to be allocated to the active connections among 1--6 is 50%. 
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Figure 2 Utilization of links A and B for 0.1 ms delay/link. (a) buffer size= 8 KBytes (b) 
buffer size = 64 KBytes. The upper plot represents the utilization of link A and the lower 
that of link B. 
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Figure 3 Utilization of links A and B for 1 ms delay/link. (a) buffer size= 8 KBytes (b) 
buffer size = 64 KBytes. 

The same holds for 7-12. Since the output link of switch 2 is the only bottleneck link for 
connections 7-12, the expected utilization of link B is 50%. However, due to the exponential 
distribution of the ON/OFF interval, it is possible for the instantaneous number of active 
connections among 1--6 to be different from those among 7-12. Thus, during these periods, 
the instantaneous utilization of link B can depart considerably from 50%. 

Figures 2 and 3 verify this behavior. The upper plot in these diagrams gives the utilization 
of link A and the lower that of link B. Note that in all cases the utilization of link A is close 
to 100% while the utilization of link B varies around the mean value of 50%. The average 
utilization of link A over 2 seconds of simulation time is close to 97% in Figure 2, the 
maximum achievable when the bandwidth used for transmission of the RM cells is taken into 

account. The average utilization is slightly lower in Figure 3, owing to the longer feedback 
delay. 

As the link propagation delays increase, the responsiveness of the algorithm can be ex
pected to decrease. Thus, although the average utilization may remain high, there may be 
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Figure 4 Cell loss rate versus switch buffer size per output port for the A connections. 

Figure 5 Cell loss rate versus switch buffer size per output port for the B connections. 

intervals where the link is under- or over-utilized by a connection. The duration of these 
periods of instability is determined by the convergence time of the algorithm in the specific 
network configuration. Over-utilization of bandwidth can result in cell losses. The cell loss 
rates for the connections using links A and B are shown in Figures 4 and 5, respectively, for 
varying buffer size and link delays. The cell loss rate for a specific buffer size is shown in the 
graph only if it is non-zero. The loss rate for a link-delay of 0.1 ms is zero when the buffer 
size is at least 128 KBytes. Similarly, for link delays of 1 and 2 ms, the loss rate is zero when 
the buffer size is larger than 256 KBytes. Note that these loss rates are highly exaggerated 
because of the greedy source policy assumed in our simulations. In practice, the sources 
increase their rates only gradually when the returned RM cell indicates an increase in its 
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allocation [Bonomi, 1995], resulting in substantially lower loss rates than those in Figures 4 

and 5. 

5 CONCLUSIONS 

In this paper, we proposed a new algorithm for rate allocation within the individual switches 

of an ATM network implementing a rate-based congestion control algorithm for ABR traffic. 

The algorithm performs an allocation in 8(1) time, allowing it to be applied to ATM switches 

with a large number of virtual channels. When the total available capacity or the requests of 

the individual connections change, the algorithm converges to the max-min fair allocation. 

We have also verified that the scheme maintains max-min fair allocation even when the 

round-trip times of connections sharing a bottleneck link are widely different. 

In the future we plan to study the dynamic behavior of the algorithm in more complex 

network configurations and with more complex source policies. We are also investigating the 

possibility of implementing the algorithm in a hardware simulation testbed [Varma, 1995]. 
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