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Abstract

The available bit rate (ABR) service is designed to provide efficient support of data traffic in ATM networks. A variety of rate-based flow
control approaches have been proposed to support ABR service. Most of these approaches improve both the fairness among active
connections and the link utilization by putting more and more complexity into a switch. In this article, we propose a flow control approach
in which part of rate-calculation work is moved from switches to end-systems. As a result, the proposed approach reduces the rate-calculation
effort in the switch. This may reduce the switch complexity and thus the implementation cost. Furthermore, it mitigates the difficulty for
setting the measurement interval in switches, as well as features lower and more stable queue occupancy in the network. Simulation results
are presented to demonstrate that the proposed approach achieves better performance than ERICA + , a well-known switch algorithm.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Asynchronous transfer mode (ATM) networks support
five service categories: constant bit rate (CBR), real-time
variable bit rate (rt-VBR), non-real-time VBR (nrt-VBR),
available bit rate (ABR), and unspecified bit rate (UBR) [1].
The former three provide guaranteed quality of services,
while the latter two offer best effort services. The ABR
service intends to support bursty data applications. A source
end-system in ABR service is allowed to send data at a rate
no less than its minimum cell rate (MCR), which could be
specified in the connection setup phase. The source adjusts
its transmission rate according to the feedback information
from the network. The feedback information is carried in
resource management (RM) cells, which are periodically
sent by the source and returned by the destination. An RM
cell on its way from the source to the destination is called a
forward RM (FRM) cell. Once this RM cell is returned by
the destination, it is called a backward RM (BRM) cell. As
stated in Ref. [1], the source should send an RM cell once
Nrm-1 consecutive data cells have been sent. The default
value of the parameter Nrm is 32.

Since the transmission rate of a source is determined
based on the feedback information, it is crucial for the
network to provide appropriate feedback to sources. Several
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switch algorithms have been proposed in Refs. [2,7,8,10—
14]. The objectives of these algorithms are to quickly
acquire the available bandwidth, and to achieve a fair allo-
cation of the available bandwidth among active ABR
connections. An observation of the evolution of ABR flow
control shows that more and more complexity has been put
on switches for achieving better performance. This
increases the implementation cost of the switch and thus
prevents the ABR service from being widely deployed by
service providers. In addition, with the rapid advance in
fiber technology, it is difficult for a complicated switch to
provide wire-speed-switching capability if complicated
services were deployed.

In this paper, we propose a rate-based flow control
approach in which a part of the rate calculation work is
moved from switches to end-systems. By performing
queue occupancy control in source end-systems, our
approach helps reduce the switch complexity and achieve
lower and more stable queue occupancy in the network. The
rest of this paper is organized as follows. Section 2 reviews
the previous work on rate-based flow control. Then our
proposed flow control approach is addressed in Section 3.
Simulation environment and numerical results are presented
in Section 4. Finally, Section 5 concludes the work.

2. Previous work on rate-based flow control

In the early development stage of ABR service, the
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network congestion indication was conveyed by the explicit
forward congestion indication (EFCI) bit in the cell header.
The destination of a connection sends RM cells back to the
source at appropriate time, and this gives the source a
permission to increase its transmission rate [2,10,12]. The
appropriate timing for sending the RM cells back to the
source varies among different approaches. The common
advantage of these approaches is the simplicity. However,
this class of approaches suffers from the ‘beat down
problem’, in which a connection passing through more
congested nodes gets lesser opportunity to increase its rate
than those passing through fewer congested nodes. There-
fore, it is difficult to achieve good fairness for all connec-
tions. A possible way to alleviate this problem is supporting
per-VC queueing in switches, but it is too complicated to be
cost effective.

Another class of approach, the explicit rate (ER) scheme,
provides precise control to achieve better performance.
Instead of using one bit to indicate the network status, the
switch marks the actual rate it can support in RM cells.
Several ER schemes have been discussed extensively in
the ATM Forum. For example, enhanced proportional rate
control algorithm (EPRCA) [13] computes a mean allowed-
cell-rate (MACR) for all virtual connections (VCs) using a
running exponential weighted average. When a switch
encounters the congestion, it sets the CI bit and modifies
the ER field of the BRM cell in the VC whose current cell
rate (CCR) is larger than MACR. EPRCA features better
fairness and link utilization than the previous approaches.
Its weakness is the rate fluctuation caused by the rate calcu-
lation, which uses the CCR field in every RM cell received
to derive the weighted average value. Since the calculated
MACR may be far apart from the actual allowed cell rate, it
is still not very precise. Furthermore, it may cause unneces-
sary rate oscillation.

The explicit rate indication for congestion avoidance
(ERICA) [11] was presented at the ATM Forum in 1995.
ERICA requires a switch to measure the load factor of each
link at every fixed time interval, which is called switch
measurement interval. The load factor, z, is derived through
the following equation:

_ Input rate
“T ABR capacity

The input rate is the incoming ABR traffic measured in a
measurement interval, and the capacity of ABR service is
the remaining link capacity not used by the higher priority
service classes, such as CBR and VBR traffic. In order to
fully utilize the link bandwidth quickly, the variable
VCShare;, which denotes the calculation result for connec-
tion i, is computed as follows:

CCR,;
—.

VCShare; =

Obviously, if each source adjusts the transmission rate to its
corresponding VCShare value, the load factor will be equal

to one. However, the calculation of VCShare does not take
the fairness problem into account because a source with a
larger CCR will get a higher VCShare than those with smal-
ler CCRs. The fairness among all active VCs can be
achieved by distributing the ABR capacity over them fairly.
The fair share of each VC is computed as

ABR capacity

FareShare = - - .
Number of active ABR connections

The value of FairShare denotes the minimum rate that a VC

can transmit. By the combination of VCShare and Fair-

Share, a switch modifies the ER fields in a BRM cell as

follows:

ER calculated = max(VCShare, FairShare),

ER = min(ER calculated, ER in the BRM cell).

Thus, ERICA guarantees the fairness among active VCs
and utilizes the network efficiently. However, ERICA does
not consider the queue occupancy in the intermediate
switches, and this may cause the queues to grow unbounded.
In order to overcome this drawback, the target utilization in
ERICA must be set to a value smaller than one (e.g. 0.9 or
0.95) to drain the queues. However, this degrades its effi-
ciency because the link utilization is restricted by the target
utilization parameter.

ERICA + [11], an improved version of ERICA, was
proposed to overcome such weakness. ERICA + takes
the queue occupancy as a secondary metric. Based on the
observation that non-empty queues imply 100% link utiliza-
tion, the goal of ERICA + is to keep the queuing delay of a
switch at a pre-defined threshold (70). Depending on the
available capacity for ABR service, the value of 70 would
be translated into a queue length (Q0), which is shown as
follows:

00 = ABR capacity X T0.

Then the switch adjusts the available capacity, which is used
for rate calculation, according to the relationship between
the current queue length (¢) and Q0. If ¢ > (0, the available
capacity will be decreased to drain the queue. Otherwise, it
will be increased for allowing the queue length to grow up to
70. Another two parameters (a and b) are used to control
how aggressively the switch increases and decreases the
available capacity, respectively. The parameter a deter-
mines the amount of the available capacity reduction
when ¢ is larger then Q0. The larger the value of a is, the
larger the amount of capacity reduction will be. The para-
meter b determines how much excess capacity would be
allocated when ¢ is smaller than Q0. A larger b enables
the switch to increase the queue length faster. Although
larger values of a and b make ERICA + more sensitive
to the queuing delay, it may cause more severe rate oscilla-
tion. In order to limit the amount of capacity reduction, the
queue drain limit factor (QDLF) is defined, and it denotes
the maximum percentage of the available capacity which
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can be used to drain the queue. Therefore, the value of
QDLF is between 0 and 1.

3. Proposed end-to-end rate control approach
3.1. Motivation

Although ERICA + can fully utilize links, it requires a
switch to measure the load factor and the number of active
VCs over a measurement interval as ERICA does. In addi-
tion, the switches need to perform more calculation for
queue occupancy control. This makes switches more
complicated. Moreover, it is difficult to determine the
number of active VCs for allocating the bandwidth fairly.
Although a method was proposed in Ref. [9] to deal with
this problem, it may further complicate the switch design.

Furthermore, it is hard to choose a proper value as the
measurement interval. A shorter interval provides faster
response to the current status of the switch, but it may
consume too much processing power of the switch if the
switch has to perform lots of computation work at the end of
each measurement interval. In addition, it may fail to esti-
mate the number of active VCs, and thus the fairness cannot
be guaranteed. On the other hand, a larger measurement
interval reduces the overhead of rate calculation and can
estimate the number of active VCs more precisely.
However, it leads to a slow response to the traffic changes
and thus may cause severe performance degradation during
congestion.

In order to reduce the switch complexity as well as to ease
the setting of the measurement interval, our algorithm
moves the queue occupancy control from switches to source
end-systems. The main purpose of queue occupancy control
is to prevent the severe performance degradation caused by
queue overflow. Because once a cell is dropped by a switch,
it is necessary for the source to retransmit the entire higher
layer protocol data unit (PDU) which contains this dropped
cell. Therefore, a dropped cell will usually cause the source
to retransmit many cells that have already been successfully
received by the destination. Furthermore, queue occupancy
control affects the queuing delay of a cell along its end-to-
end path. It has to keep the queue occupancy in a switch
always larger than zero because a non-empty queue implies
100% link utilization. On the other hand, it has to keep the
queue occupancy below a certain value in order to achieve
its main purpose, say, avoiding the packet dropping.

Queue occupancy control also guarantees the fairness
among active connections. In a queuing node with common
FIFO service discipline, the bandwidth sharing of a connec-
tion depends on its ratio of the queue occupancy. If every
connection keeps a nearly equal queue occupancy in the
queuing node, a fair bandwidth sharing can be achieved.

3.2. Queue occupancy estimation

Our proposed rate control approach performs the queue

occupancy control in sources. However, a source cannot
directly obtain the queue occupancy information. In our
previous work [5,6], the concept of virtual queue occupancy
(VQO) was proposed. The objective of VQO is to enable a
receiver to estimate the queue occupancy in the network and
provide feedback to the source for determining the appro-
priate transmission rate. In this paper, we propose a new
mechanism to derive the queue occupancy. The new
mechanism is different from the old one in two aspects,
which are discussed as follows:

1. Deployment — The queue occupancy estimation is
performed in sources rather than in receivers. Thus it is
easier to deploy the new approach because the coopera-
tion between the source and the receiver is not essential.

2. Implementation complexity — The new mechanism does
not require that a source sends cells in a specific pattern.
This simplifies the source function and makes the
proposed algorithm more feasible to implement.

We now present the mechanism of queue occupancy esti-
mation. Recall that an ABR source sends out an RM cell
once a certain amount of data cells have been sent out.
These RM cells will be returned by the receiver and even-
tually sent back to the source; therefore, they can be used to
derive the network status. In our approach, a source esti-
mates the queue occupancy in the network by monitoring
RM cells. In order to reduce the control overhead, a source
keeps only one monitor RM cell in the network. In fact, a
monitor RM cell is just a regular RM cell whose sequence
number and departure time are recorded for rate calculation
purpose. In other words, an outgoing RM cell is chosen as a
monitor RM cell if there is no monitor RM cell in the
network. Once a monitor RM cell is sent, the source will
record the departure time and start counting the number of
cells sent before it receives the returned RM cell. When the
source receives a monitor RM cell, it calculates the round-
trip time of this cell by subtracting the cell’s departure time
from the current time. The measured round-trip time
consists of two parts: the fixed delay and the queuing
delay. The former comprises the round-trip propagation
delay, the transmission delay and the protocol processing
delay. This part is treated as a fixed value, and considered as
the minimum of the round-trip times ever measured. The
latter is the cell queuing delay in intermediate nodes along
the round-trip path. Obviously, the queuing delay is the
difference between the measured round-trip time and the
fixed delay.

By considering the whole network as a queuing node, the
queue occupancy (N) for VC; can be estimated as follows

13]:
N = uT, (1)

where u denotes the service rate of VC,;, and T denotes the
required queuing delay for a newly arrived cell. Since T is
already known to the source, the queue occupancy can be
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Fig. 1. Service rate estimation.

estimated through Eq. (1) if u is also available. The way to
obtain w is as follows.

Fig. 1 shows the scenario of service rate estimation. The
variable #; represents the time at which the ith monitor RM
cell is sent out, and the variable 7; denotes the time interval
between the departure times of the ith and the (i + 1)th
monitor RM cells. Let n; be the number of cells sent during
T.. When the source receives the (i + 1)th monitor RM cell,
the round-trip time 7}, can be derived. By considering the
network as a single service node, the arrival of the (i + 1)th
monitor RM cell at the source denotes that the cells sent
during the time period 7; have been served by the network.
As a result, by recording the number of cells sent during T,
the service rate u can be derived through the following
equation:

n;
Tivq

M= 2
To explain the meaning of Eq. (2), suppose that the send-
ing rate of the source remains the same during time periods
T; and T;4;, and the network service rate becomes smaller
than the sending rate of the source since T = t;. As a result,
T;., will be larger than T;, which causes the network service
rate calculated by Eq. (2) at T = ¢, to be smaller than that
at T = t;, ;. A similar method was also used in Ref. [4] to
implement TCP Vegas for Linux. Once a source receives a
monitor RM cell, it first derives the service rate using Eq. (2)
and then uses Eq. (1) to estimate the queue occupancy.
Since the queue occupancy estimation is triggered by a
monitor RM cell, a source has to consider the situation
where a monitor cell gets lost. Because each RM cell has
its unique sequence number and the source knows the
sequence number of the current monitor RM cell, when
the source receives an RM cell whose sequence number is

larger than the recorded sequence number of the monitor
RM cell, it can infer that the monitor RM cell was lost. A
possible way is to use the received RM cell to estimate the
queue occupancy. The drawback of this approach is that the
queue occupancy estimated will be larger than the actual
value since the measured round-trip time is larger than the
actual round-trip time. To eliminate the estimation error, a
source can keep the departure time of all outstanding RM
cells to measure a correct round-trip time. Obviously, this
requires the source to keep more information.

3.3. Queue occupancy control

In our proposed approach, a source tries to keep the queue
occupancy in the network at a pre-defined level. This
ensures not only the full utilization of the link but also
aids in avoiding the queue overflow, which may lead to
severe performance degradation. Once a source receives a
monitor RM cell, it can estimate the queue occupancy in the
network using the scheme discussed in Section 3.2. Also,
the source calculates the round-trip time (r#f) of this RM cell
and the network service rate (u). Suppose that the estimated
queue occupancy is vqo, and the pre-defined target queue
occupancy is «. If the source wants to keep the queue occu-
pancy at «, the new allowed cell rate (ACR) can be calcu-
lated as

a — vqo

ACR = u +
» rtt

3)

If the estimated queue occupancy is smaller than the
control target (i.e. vgo < a), this represents that the source
can increase its transmission rate. As shown in the above
equation, the new ACR calculated will be a value larger than
the network service rate w. If the transmission rates of other
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sources are kept the same, the new ACR will cause the
queue occupancy to reduce from vgo to « after one
round-trip time. The case vgo = a is similar to that
discussed above.

3.4. Switch behavior

Since the queue occupancy control is performed in the
source, the switch behavior is very simple in our approach.
A switch measures the load factor z on each link periodi-
cally. Once the switch receives a BRM cell of VC,, it first
calculates the ER as

ER calculated = %

This is like the calculation of VCShare in ERICA. The value
of ER cannot be larger than the capacity for ABR service.
Thus, we have

ER calculated = min(ER calculated, ABR capacity).

Finally, in order to provide the rate information that the
bottleneck switch can support, the ER field of the RM cell
can be set to

ER = min(ER calculated, ER of the RM cell).

3.5. Source behavior

When an RM cell is to be transmitted, the source sets this
RM cell as a monitor RM cell if there is no monitor RM cell in
the network. When a source receives a monitor RM cell, it
calculates the r#¢ of this RM cell, the network service rate (1)
and the vgo. If vqo is smaller than the pre-defined threshold «,
it indicates that the source can increase its ACR. To determine
the new ACR, the source has to calculate two rates (ACR, and
ACR,). ACR, is calculated by applying the standard rule of
source [1], which is as follows:

ACR; = min(ACR + RIF X PCR, ER in the RM cell).

ACR, is calculated for queue occupancy control, which is
discussed in Section 3.3. In order to avoid the unnecessary
rate oscillation, we introduce a new parameter, factory,
whose value is set between 0 and 1. As a result, ACR; is
calculated through the following equation:
ACR, = p + factor; X quo.

rit
The value of factor, determines the response time for a source
to adjust the queue occupancy, and further details regarding
how to set the parameter is discussed in Section 3.6. The source
then sets its ACR as the maximum of these two rates:

ACR = max(ACR,,ACR,). 4

Inthe case where the network is under lightload, ACR, tends to
be larger than ACR,. The purpose of ACR is to fully utilize the
network if each source sets its ACR to the corresponding
ACR,. If the network is either in congestion or almost fully

utilized, ACR, tends to be smaller than ACR,. ACR, isused by a
source to control its queue occupancy in the network. Setting
the ACR to ACR, allows a source to increase its rate for achiev-
ing the control target of queue occupancy. Thus, even if the ER
carried in the arriving RM cell is smaller than the new trans-
mission rate, the source is still able to get its fair rate sharing.
As a result, our approach provides efficient bandwidth usage
via ACR, as well as controls the queue occupancy via ACR,.

If vqo is larger than a, the source adjusts its transmission
rate as follows:

Y49 X ER in the RM cell).

rit
(5)

Similar to the case of vgo = «, Eq. (5) adjusts the ACR by
considering both the ER in the RM cell and the rate calcu-
lated for queue occupancy control, while factor, is a para-
meter whose value is between 0 and 1.

ACR = min(p — factor, X

3.6. Selection of the parameters

In our proposed approach, the source has three para-
meters: factorl, factor2 and «. This section discusses how
to choose the parameter values.

The parameters factor; and factor, determine how
quickly a source adjusts its rate to reach the control target
of queue occupancy. The parameter factor; is used to
increase the queue occupancy while factor, is used for the
opposite purpose. A large value of factor; (or factor,)
enables the source to increase (or decrease) its queue occu-
pancy quickly; however, this may cause more serious rate
oscillation. On the contrary, a small value of factor; (or
factor,) alleviates the rate oscillation but needs more time
for the source to reach its target queue occupancy. How to
choose the values for factor; and factor, is a tradeoff
between the stability and the response time. Generally, the
parameter factor; is smaller than factor, since it is more
urgent to reduce the queue occupancy than to avoid the
over-reduction of rate. However, it is preferable to increase
the queue occupancy conservatively for avoiding queue
overflow which is usually caused by excessively increasing
the queue occupancy.

The parameter « is the control target of the queue occu-
pancy. It is similar to the parameter 70 in ERICA + . A
larger @ can make our approach more efficient when the
rate oscillation is serious. This is because a large « is
more likely to prevent the queue from dropping off to
empty. Obviously, it is limited by the buffer size of the
switch.

3.7. Comparison between ERICA + and our approach

Our proposed approach differs from ERICA + in the
following aspects:

1. Switch complexity — At the end of each measurement
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Fig. 2. Simulation configuration.

interval, ERICA + needs to measure the load factor of
each link, to estimate the number of active connections
and to perform calculations for queue control. To esti-
mate the number of active connections, a switch must
check whether to update the variables used for counting
every time a cell is received. In contrast, our approach
only needs to measure the load factor. Obviously, with
our approach a switch does much less work for rate
calculation than ERICA + .

2. The setting of measurement interval — As described in
Section 3.1, it is hard for ERICA + to choose a proper
measurement interval due to the tradeoff between a fast
response to the network status and a precise estimation of
the number of active connections. Since our approach
does not need to estimate the number of active connec-
tions, it is simpler than ERICA + in selecting a proper
measurement interval.

3. Queue occupancy control — ERICA + controls the queue
occupancy in switches, and the performance of queue
control is determined by the setting of measurement inter-
val. However, the most appropriate measurement interval
for a switch depends on the round-trip times of those
connections passing through it. In contrast, our approach
controls the queue occupancy in sources based on the
round-trip time. As a result, our approach is less sensitive

Table 1
Source parameters

\e MCR (Mbps) PCR (Mbps) ICR (Mbps)
VC 1-VC 4 0 100 1
VC 5 0 4 1

to the setting of measurement interval. For example,
suppose that a switch chooses a long measurement interval,
which may be caused by a parameter-setting error or the
system limitation. For the connection whose round-trip
time is shorter than the measurement interval, ERICA +

fails to provide a fast enough feedback to the source, and
thus it may lead to poor performance. Our algorithm,
however, does not have this kind of problem because the
source will adjust its rate according to the estimated queue
occupancy.

4. Performance evaluation
4.1. Simulation environment

The network model used throughout this work is a park-
ing lot configuration, which is commonly used in literature
to illustrate the fairness problem [8]. A configuration with
five switches is shown in Fig. 2.

In our simulation, each link has a capacity of 100 Mbps
and the distance between adjacent switches is 100 km. The
length for all network-access links is set to 1 km. Five ABR
VCs destined to SW5 are set up. VC1 and VC2 originate
from SW1 and traverse all five switches, while VC3, VC4
and VCS5 start at SW2, SW3 and SW4, respectively. When
all the five VCs are active, the bottleneck in this configura-
tion is the link between SW4 and SWS5. Thus, all five VCs
traverse through the bottleneck link. The longest end-to-end
round trip propagation time is 4.02 ms in this configuration.

Table 1 lists the parameter values of a source. The source
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Table 2
Simulation parameters of ERICA +

Parameter Value
[ 0.1
70 3.5ms
A 1.15
B 1.05
QDLF 0.5
Measurement interval 1 ms

of VCS5 is a constrained source whose peak cell rate (PCR) is
only 4 Mbps while the PCR of other sources is up to the link
capacity (i.e. 100 Mbps). The initial cell rate (ICR) of each
source is set to 1 Mbps to demonstrate the process of rate
contention in different approaches. Table 2 lists the para-
meter settings in an ERICA + switch. The parameter
values are chosen according to the suggestions in Ref.
[11]. Our approach needs other parameters for queue
control. The target queue occupancy « is set to 50 cells,
and the values of factor, and factor, are set to 0.25 and 0.5,
respectively.

4.2. Numerical results

The performance of our proposed approach is evaluated
based on the ACR of each source and the queue length in
each switch. As regards the queue length of each switch, we
only show the queue lengths of SW3 and SW4 because the

queue lengths of both SW1 and SW2 are very small and
even zero most of the time during the simulation.

Figs. 3 and 4 show the ACR of each source for ERICA +
and the proposed approach, respectively. As observed from
Fig. 3, the ACR of VC5 reaches a stable rate quickly
because its PCR is only 4 Mbps, which is smaller than the
fair share rate of the bottleneck link (i.e. 20 Mbps). The
ACRs for VC1-VC4 fluctuate between 19 and 30 Mbps,
which are around the fair share rate (i.e. (100 — 4)/4 =
24). The reason for the ACR fluctuations is that
ERICA + reduces the ER of each VC dramatically once
the queue length in a switch is larger than the pre-defined
threshold. However, to quickly drain the queue, it may over-
reduce the ER and thus cause unnecessary rate oscillation.
As compared with ERICA + , in our approach the ACR of
each source is more stable. This is because our approach
controls the queue occupancy more precisely. Since
ERICA + spends certain effort to measure the number of
active connections, the converging time for the ACR to
reach the fair share rate is shorter than ours. However, our
approach features very small rate fluctuations. This means
that our algorithm performs flow control efficiently, and it is
much simpler than ERICA + .

Figs. 5 and 6 show the queue lengths under different
approaches. Since the ACRs in ERICA + fluctuate drama-
tically, the queue lengths in SW3 and SW4 are not stable.
The queue length in the bottleneck switch varies between 0
cells and 1400 cells. The main reason for this severe fluctua-
tion of queue length is that ERICA + controls the queue
occupancy at every measurement interval, and it does not
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» s w .
20 \L . 1 1, 4‘:]
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Fig. 3. Allowed cell rates of ERICA + (70 = 3.5 ms).
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Fig. 4. Allowed cell rates of our proposed algorithm.
consider the difference in round-trip times for different through it. Because of the delayed effect of the control
sources. When a switch detects that the queue length is process, it may over-reduce the queue occupancy before
larger than the pre-defined threshold, it immediately it detects that the queue length is smaller than the
reduces the transmission rates of all connections passing threshold. This can be observed in Fig. 5, where the
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Fig. 5. Queue lengths of ERICA + (70 = 3.5 ms).
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Fig. 6. Queue lengths of our proposed approach.
queue length of SW4 is reduced to 0 at both T = round-trip time basis. Therefore, the queue length of the
200ms and 7 =390ms. In contrast, our approach bottleneck switch is much smaller and more stable than
performs the queue control in sources, and each source that in ERICA + . The queue length in SW3 is near
adjusts its rate to control the queue occupancy on per- zero in the steady state. This shows that our algorithm
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Fig. 7. Allowed cell rates of ERICA + (70 = 1 ms).
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Fig. 8. Queue lengths of ERICA + (70 = 1 ms).

features smaller queuing delay and delay variation while
still keeping 100% bottleneck link utilization.

As stated in Ref. [11], the parameter 70 introduced in
ERICA + is used to replace the target utilization parameter
of ERICA. It determines the target queuing delay of VCs
that pass through a switch. Therefore, reducing the value of
70 may reduce the queue length of the switch as well.
However, it may also cause not only severe rate oscillation
in sources but also under-utilization of the bottleneck link.
In order to observe the effect, we set the value of 70 to 1 ms
and keep other parameters unchanged. The simulation
results are shown in Figs. 7 and 8. As we expect, the
ACRs of sources shown in Fig. 7 oscillate more severely
than that shown in Fig. 3. The maximum queue length of
bottleneck switch is reduced from 1400 cells to 450 cells,
but the queue length drops to O cells more often. Thus, it
leads to worse utilization of the bottleneck link. This experi-
ment shows that it is difficult to choose a proper value of 70
in ERICA + with the tradeoff between the queuing delay
and the link utilization.

5. Conclusions

In this paper, we propose a flow control approach for
ABR services. Different from most existing approaches,
our approach performs queue occupancy control in end-
systems rather than in switches. With our approach, the
switches only need to measure the load factor of each

link. It is unnecessary for a switch to determine the number
of active VCs for distributing the available bandwidth fairly.
As a result, the complexity and implementation cost of
switches can be greatly reduced. Reducing the complexity
of switches means cutting down the implementation cost.
This benefits the design of a switch as well as enhances its
performance. Moreover, it overcomes the difficulty in
selecting the measurement time interval and avoids the
tradeoff between the fast response to load changing and
the precise calculation for the number of active VCs. As
compared with ERICA +, it also simplifies the work a
switch has to perform either when it receives an RM cell,
or when the timer of the measurement interval expires. With
precise control of the queue occupancy in the network, our
approach is able to avoid unnecessary rate fluctuation. It
also features smaller and more stable queue length in the
bottleneck switch. Thus, our approach achieves smaller
delay variation, which is crucial for supporting multimedia
applications over the ATM ABR services [15].
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