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ABSTRACT

Although many flow control schemes have been proposed for ABR
(Available Bit Rate) multipoint-to-multipoint (mp-mp) services in
ATM (Asynchronous Transfer Mode) networks, several issuesre-
main to be resolved: bandwidth allocation definitions (BADs),
and the effectiveness of those schemes. No consensus has been
reached concerning the issue of criteria for allocating ABRband-
width among multipoint connections, or between point-to-point
and multipoint connections. On the other hand, existing mp-mp
flow control schemes implement only one BAD, namely source-
based allocation. This inflexibility can limit the application of
those schemes. Moreover, our simulation results will show that
they suffer from the problems of link under-utilization and/or non-
compliance with the selected BAD. We propose a mp-mp flow con-
trol algorithm, the FCAM1 algorithm, that supports a large set of
BADs, provides correct rate allocations with fast convergence, and
maximizes link utilization. Experimental results are presented to
demonstrate the above advantages of the FCAM algorithm.

1. INTRODUCTION

Multipoint communications support the exchange of information
among a set of participants in an efficient manner. Multipoint-to-
multipoint communications encompass an important class ofap-
plications whose examples are synchronization of replicated
databases, audio/video conferencing, distributed interactive games,
and distance education.

ABR is a best-effort service with no bandwidth guarantee, ex-
cept a minimum cell rate. The bandwidth left over after CBR
(Constant Bit Rate) and VBR (Variable Bit Rate) usage is divided
evenly among ABR sources. ABR traffic is regulated using ex-
plicit rate (ER) control as follows [1]. Resource management (RM)
cells are generated periodically by ABR sources, sent from the
source to the destination (downstream) as forward RM (FRM) cells,
and turned backed by the destination to the source (upstream) as
backward RM (BRM) cells. On the way back, a BRM cell may
have its field ER modified by switches on the path from the desti-
nation to the source for ER control. Upon receiving a BRM cell,
the source adjusts its transmission rate accordingly usingthe value
in field ER (BRM.ER).

Although there exist many mp-mp flow control schemes [2,
13, 15, 19], several issues remain to be resolved: bandwidthallo-
cation definitions (BADs), and the effectiveness and performance
of those schemes. Bandwidth allocation definitions refer tocriteria
for allocating ABR bandwidth among multipoint connections, or
between unicast (point-to-point) and multipoint connections. For
example, should a source of a multipoint connection with 100
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sources be allocated the same rate as a unicast source, or just
1/100th of the rate of a unicast source? Several BADs have been
suggested for multipoint communications [5, 10, 12]. However,
researchers have not yet agreed on which definitions are mostsuit-
able for ABR multipoint applications. Therefore, a mp-mp flow
control scheme should support several BADs, i.e., beflexible, so
that switch vendors can configure their switches quickly andeasily
to meet clients’ requirements.

A mp-mp flow control scheme iseffectiveif it allocates ABR
bandwidth to sources according to the selected BAD and max-
imizes the utilization of ABR capacity. Desirableperformance
measuresof a multipoint flow control scheme are fast convergence
and minimal rate oscillations.

In this paper, we first present a simulation-based evaluation
of the existing mp-mp flow control schemes. The evaluation indi-
cates that those schemes suffer from the problems of link under-
utilization and/or non-compliance with the selected BAD inmany
cases. Moreover, they implement only one BAD, namely source-
based allocation, which divides ABR bandwidth evenly among
sources, unicast or multipoint. This inflexibility can limit the ap-
plication of those schemes. We then propose a new mp-mp flow
control algorithm, the FCAM algorithm, that is effective and sup-
ports a large set of BADs. Experimental results are presented to
demonstrate the advantages of the FCAM algorithm: correct rate
allocations with fast convergence, maximum link utilization, and
minimal rate oscillations.

The ABR service was originally proposed for use in ATM
networks. However, its congestion controlled traffic characteris-
tic makes it an attractive service for use in high-performance IP
networks as well, in order to promote fairness towards connec-
tions using TCP, the dominant Internet transport protocol [16]. In
fact, Sisalem and Schulzrinne have proposed an ABR-like service
for the Internet called Adaptive Load Service (ALS) whose traffic
control mechanism is similar to that of ABR [16]. Although the
mp-mp ABR flow control scheme we propose in this paper is im-
plemented for ATM networks, its design is applicable to various
networks that support rate-based feedback control.

The paper is organized as follows. In section 2, we discuss
the issues involved in the design of a mp-mp flow control scheme.
Section 3 presents related work and our evaluation of the existing
mp-mp flow control schemes. The proposed FCAM algorithm is
described in section 4, followed by experimental results. Section 5
concludes the paper.

2. DESIGN ISSUES OF MP-MP FLOW CONTROL

One straightforward approach to implement a mp-mp group with
N members is to buildN p-mp (or mp-p) physical connections,
each having one source (receiver) andN−1 receivers (sources) [2].



This approach, however, is not scalable asN grows. It is desirable
to implement a mp-mp group as a single VC for scalability and
easy maintenance [13]. In addition, the following three design is-
sues must be addressed [7, 12]:
(1) Bandwidth Allocation Definitions (BADs)
For unicast connections, the most commonly used BAD is max-
min “fairness” [8]. The BAD becomes more complicated when
mp-mp connections are involved since such a mp VC is shared by
several sources. The suggested BADs based on sources are:
− Source-based[5]: divides ABR bandwidth on a link evenly
among activesourcessharing the link, ignoring whether a source
belongs to a unicast or a mp VC.
− VC/source-based[5]: first allocates the ABR bandwidth evenly
among the VCs, unicast or multipoint, and then divides the allo-
cated bandwidth of each VC evenly among the activesourcesin
the VC.
− Weighted-source-based[10]: requires every source to be as-
signed a weight. The weight of any unicast source is 1. The
weight of a source of a mp connectioni is wi, where0 < wi ≤ 1.
For two different mp connectionsi andj, we can havewi 6= wj .
ABR bandwidth is allocated to the sources proportionally totheir
weights. Note that whenwi = 1, we have source-based allocation.
Weighted-source-based definition provides a compromise between
the above two extreme definitions.

There are also BADs based on flows [5, 12]. However, these
BADs suffer from the beat-down problem: the farther away a source
from the destination in terms of the number of merge points, the
smaller the rate it is allocated [5]. We thus do not consider BADs
based on flows in this paper.
(2) Rate Calculation Algorithm (RCA)
A unicast RCA such as ERICA [9] or FMMRA [4] can be ex-
tended to support multipoint connections. In fact, ERICA has
been modified and applied in many mp-p and mp-mp flow control
schemes [7, 10, 15]. The resulting mp RCA must take into account
the selected BAD to ensure that it allocates bandwidth correctly as
dictated by the BAD.
(3) Processing of RM Cells
There are two issues to consider: feedback implosion and feedback
consolidation.

If a mp-mp group hasN members, an FRM cell will be du-
plicatedN − 1 times. When the FRM cell is turned around and
travels back to the sources as a BRM cell, it would be dupli-
cated againN − 1 times. To prevent the problem offeedback
implosion, at a branch point, a switch will send a BRM upstream
along a branch only if the switch has received at least one FRM
cell from that branch since the last BRM cell was sent along the
branch [7, 12, 15, 19].

A mp-mp group withN members can be viewed asN logical
p-mp trees, each containing one sender andN − 1 receivers. In
such a logical p-mp tree, the allowed cell rate (ACR) of the source
at the root should be less than or equal to the lowest rate thatcan
be supported among all the branches of the p-mp tree. Otherwise,
a higher rate would cause congestion, and thus data loss, on the
branch with the lowest capacity. Therefore, a switch shouldcon-
solidate ER values in BRM cells from the fan-out branches and
select the minimum value before sending a BRM cell back to the
source. This procedure is calledfeedback consolidation. How-
ever, when an overload situation is detected, a BRM cell withover-
load information should be sent immediately to the source, without
waiting for feedback from all the branches, in order to alleviate the
congestion as quickly as possible [6].

3. SURVEY AND EVALUATION OF EXISTING MP-MP
FLOW CONTROL SCHEMES

Cavendish and Gerla propose a mp-mp flow control scheme, the
CG2 algorithm [2], that implements a mp-mp connection withN
members asN p-mp VCs, each having one sender andN − 1
receivers. This scheme is thus not scalable asN grows.

The scheme proposed by Renet al., RSSS algorithm [19], im-
plements a mp-mp connection as a single VC, and is the combi-
nation of a p-mp flow control algorithm [17] and a mp-p algo-
rithm [18]. The mp-p scheme does not provide a specific multi-
point RCA. Instead, the authors claim that any unicast RCA can
be applied directly to their mp-p scheme without modifications.
However, if data forwarding uses VC merge and the unicast RCA
uses per-source accounting (e.g., the ERICA algorithm), the mp-
p algorithm will not allocate ABR bandwidth correctly, as previ-
ously demonstrated by simulation results [10]. The resulting mp-
mp scheme is thus not effective.

Other mp-mp flow control schemes include the MPER [13]
and Pao’s [15] algorithms. The main differences between these
schemes are the BADs implemented and the RCAs. Table 1 lists
the BADs supported by and other characteristics of these flowcon-
trol schemes.

The RCA of the MPER scheme requires VC weights to be
calculated and maintained. The weight of any unicast VC is 1.
The weightWk of a mp VCk on a link L is Wk = Nk × wk,
wherewk is the weight of a source of VCk, andNk is the num-
ber of sources of VCk merging on linkL. The unicast RCA
is modified so that each VC is offered an amount of bandwidth
proportional to its weight. At a logical mp-p merge point, the
bandwidth of VC is then divided among the merging branches
using the branch weights [13]. The weight of a branchj of a
mp VC k is defined aswj,k = nj,k × wk, wherenj,k is the
number of sources of VCk merging on branchj. Each branch
is allocated an amount of bandwidth proportional to its weights:
branch ERj = V C ERk × wj,k/Wk. Our simulation results
presented next show that RCAs using VC weights suffer from the
problems of link under-utilization and/or non-compliancewith the
selected BAD in many cases.

We used the ATM network simulator version 4.1 developed
by the American National Institute of Standards and Technology
(NIST) [11], and added code to implement the MPER flow con-
trol scheme. The simulation was conducted on the configuration
depicted in Figure 1. In this configuration, the mp-mp connec-
tion consists of four sourcesS1, S2, S3 andS4 that exchange data
with each other, and the unicast sourceSu sends data to the des-
tinationDu. We use the following setting in the experiments pre-
sented in this paper. All the links have a capacity of 150 Mbps.
The distance between switches is 1000 km. Terminal-switch dis-
tance is 1km. VC merge is simulated, and the packet size is 512
bytes (maximum TCP segment size). The sources are persistent,
have an initial cell rate (ICR) of 8 Mbps, and start sending data
at the same time. The duration of each experiment is 1000 msec.
Given the above configuration and link bandwidths, Table 2 lists
the sources’ rates for different BADs. In every experiment,we
recorded the ACRs of the sources and the utilization of linksL1b

andL3a, the most bottlenecked links in the given configuration.
The following experiment, which simulates source-based BAD,

2Named using the first letters of the authors’ last names. We will use
this naming convention throughout the paper to denote different mp-p and
mp-mp flow control schemes.



Characteristic CG RSS MPER Pao’s FCAM
A single mp-mp VC No Yes Yes Yes Yes
Base unicast RCA (any) (any) FMMRA ERICA ERICA*
MP-MP RCA (n/a) (n/a) using VC weights using source CCRs
Source-based x x x x x
VC/source-based x
Weighted-source-based x

ERICA* is based on the ERICA algorithm, but all the steps thatneed
per-source accounting are eliminated in order to support VCmerge.

Table 1. Characteristics of the existing multipoint flow control algorithms

Bandwidth Allocation Definition S1 S2 S3 S4 Su

Source-based 37.50 37.50 37.50 75.00 37.50
VC/source-based 25.00 25.00 25.00 100.00 75.00
Weighted-source-based (MP source weight = 0.75)34.62 34.62 34.62 80.76 46.15

Table 2. ACRs (in Mbps) of the sources in Figure 1
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Fig. 1. Configuration for experiments

illustrates the problem of link under-utilization of the MPER
scheme. The graph of source ACRs in Figure 3 obtained from
simulation indicates thatS4 transmits at 50 Mbps, instead of 75
Mbps according to source-based allocation (see Table 2). Asa
result, the utilization of linkL1b varies around 83%, instead of be-
ing 100% hadS4 been able to claim the unused bandwidth from
S2 andS3 on link L1b. The reason for this under-utilization is that
switchsw2 is not aware of the bottleneck on linkL3a and cannot
re-allocate the unused bandwidth fromS2 andS3 to S4.

The RCA by Pao [15] attempts to alleviate the problem of link
under-utilization by dividing the bandwidth at merge points using
a combination of weights and aggregate CCRs (current cell rates)
of the branches. The aggregate CCR of a branch is the sum of the
CCRs of the sources (belonging to the mp VC) whose traffic merg-
ing on this branch. The ER of a branch is computed using two ER
values: one proportional to the weight of the branch, and theother,
to the aggregate CCR of the branch, as follows:branch ERj =
V C ERk × (wj,k/Wk + branch CCRj,k/V C CCRk)/2.

Our simulation results show that using both branch weights
and aggregate CCRs indeed helps improve link utilization. How-
ever, it still does not ensure the maximum possible link utilization
due to the partial use of branch weights for dividing the VC ER.
This is illustrated by the following experiment that was runon the
same configuration in Figure 1 with source-based allocation. The
ACR graph in Figure 4(a) shows that the ACR ofS4 is higher than

in the previous experiment, at 59 Mbps, but still does not reach the
optimal 75 Mbps. The utilization of linkL1b concentrates in the
range of 80% - 92%, instead of being 100%.

Using only aggregate CCRs of branches for dividing the VC
ER would allow link utilization to be maximized. However, the
rate allocation may not comply with the selected BAD in many
cases, as shown in our previous work [14].

There also exist multipoint-to-point RCAs that use VC weights
[10, 12]. Similarly to the above mp-mp RCAs, these mp-p RCAs
are also affected by the problems of link under-utilizationand/or
non-compliance with the selected BAD in many cases, as proven
by previous simulation results [14]. These mp-p RCAs thus cannot
be extended in any way to support mp-mp connections.

4. THE FCAM FLOW CONTROL SCHEME

To give effective rate allocations, our FCAM flow control scheme
uses an RCA based on source CCRs and not VC weights. It sup-
ports any of the existing BADs based on sources: source-based,
VC/source-based and weighted-source-based.

4.1. Key Ideas and Novel Features

The FCAM flow control scheme treats a mp-mp group as a single
VC for scalability and easy maintenance. RM cells are processed
as described in section 2, i.e., with feedback implosion avoidance
and feedback consolidation to minimize traffic overheads, rate os-
cillations and cell loss rates.

Our RCA is based on the method of using source CCRs adapted
from the ERICA algorithm and first used in the FJ algorithm, a
mp-p flow control scheme proposed by Fahmyet al. [7]. At the
end of every measurement interval, the switch calculates the cur-
rent load factorof a link, which is the ABR input rate divided by
the ABR capacity of the link (pseudo-code in Figure 2(d)). For
every output linkL, the switch maintains the CCR of every VC
(carried in FRM cells), as well as the maximum ER allocated in
the previous interval,max ER previous interval. Depending
on the current value of the load factor on linkL, every VC must
scale up or down its CCR by the load factor in order to maintain



an optimal load of 1 on the link (Figure 2(b), lines{4}−{5}).
In addition, if the load factor is less than1 + δ (underload), a
VC can raise its rate tomax ER previous interval to be able
to catch up with the VC having the highest rate. The value of
max ER previous interval thus serves as a “reference point”
for sources to aim at. If the VC is a mp-mp VC, there will be dif-
ferent CCRs from various sources of the VC on the same output
link. In that case, we select the maximum of the CCR values seen
in the current interval; the pseudo-code is given in Figure 2(a).
This helps reduce rate fluctuations [7].

Previous simulation results [7, 14] show that RCAs based on
source CCRs are effective in terms of correct bandwidth alloca-
tion and link utilization. The FJ algorithm, however, supports only
source-based allocation, and only for mp-p connections. More-
over, it suffers from prolonged rate fluctuations in many cases [14].
We propose an RCA using source CCRs without the problem of
excessive rate oscillation. Specifically, our contributions include:
(1) minimizing rate fluctuations in the FJ algorithm, (2) supporting
source-based, VC/source-based and weighted source-based, and
(3) applying the source CCRs approach to mp-mp flow control.

The reason for prolonged rate oscillations in the FJ algorithm
is that the ER of a VC is calculated several times while the load
factor is calculated only onceper measurement interval[7]. If the
load factor is not exactly one, the ER values will keep increasing or
decreasing during that interval, causing unnecessary oscillations in
the subsequent interval. To solve this problem, we permit a switch
to computeonly oneER feedback value per VC per measurement
interval. The new code is outlined in Figure 2(b), lines{1}−{3}.

We employed the idea of a “reference point” to support mul-
tipoint sources with weights. Since sources of different multi-
point VCs carry different weights, their ERs should not be used
asmax ER previous interval, the “reference point”. Instead,
ERs of unicast VCs are considered, because all unicast sources
have the same weight of 1. Therefore, switch variables
max ER previous interval andmax ER current interval
of every output port are maintained with respect to unicast sources.
When the ER of a mp-mp source is calculated, variable
max ER previous interval is scaled by the weight of the source
(recorded in variablesource weight[k]), as shown in the algo-
rithm in Figure 2(b), lines{7} and{11}. A BAD is implemented
by setting variablesource weight[k]. For instance, if the mp-mp
VC m in Figure 1 hassource weight[m] = 1, the rate alloca-
tion will be source-based; ifsource weight[m] = 1/3, that is
VC/source-based BAD.

The new RCA is then incorporated into the mp-mp flow con-
trol scheme as shown in Figure 2. The following section explains
the FCAM algorithm in more detail.

4.2. Protocol Description

A switch in the routing tree of a mp-mp VC can always view itself
as either a logical p-mp branch point or a logical mp-p merge point.
For example, in Figure 1, when a cell arrives at switchsw2 from
link L1a, it is duplicated and sent out along linksL2a andL2c: this
is a p-mp cell forwarding operation. LinkL1a is called thesup-
plying link, and linksL2a andL2c arefan-out links. Conversely,
switchsw2 can also view linksL2b andL2d ascontributing links,
andL1b as themerged linkof a mp-p merge point: data fromL2b

andL2d is merged onL1b.
When an FRM cell arrives at a switchs from the incoming link

lji of a branchj of VC k, variableccr[k][lji] is updated using the

CCR value in the FRM cell (pseudo-code given in Figure 2(a)).
If this is a mp-mp VC, the maximum of the CCR values seen in
the current interval is recorded. The switch is then considered as
a logical p-mp branch point with the supplying link beinglji. The
FRM cell is duplicated, and sent along each fan-out linklfo of the
supplying linklji (e.g., sent along linksL2a andL2c if lji = L1a).

When a BRM cell arrives at switchs from the incoming link
lji of a branchj of VC k, the ER of the VC on linklji is calcu-
lated. The ER calculation is outlined in Figure 2(b). The switch
then considersljo, the outgoing link associated withlji, as the
merged link of a logical mp-p merge point. For instance, if the
BRM cell arrives at switchsw2 from link L1a, thenL1b is the
merged link, andL2b andL2d are contributing links ofL1b. For
every contributing linklci whose merged link isljo, feedback con-
solidation is performed using the new ER of the VC on linklji,
and fields BRM.ER and BRM.CI of the BRM cell.

Function GenerateBRM() is then called to generate a BRM
cell, if possible, to be sent along linklco, the outgoing link associ-
ated withlci (e.g., sent along linksL2a andL2c if lji = L1a).
Specifically, a BRM cell may be generated if either one of the
following two conditions is satisfied (pseudo-code given inFig-
ure 2(c)):
(1) Switch s has received at least one FRM cell fromlci since
the last BRM cell was sent alonglco. In addition, switchs has
received at least one BRM cell from every branchb (b 6= lci) since
the last BRM cell was sent alonglco (e.g., switchsw2 has received
BRM cells from bothL1a andL2b for lco = L2c). A time-out
mechanism is also implemented to ensure that the BRM cell flow
is not stopped due to non-responsive branches.
(2) Switchs detects an overload condition on linklci. Overload
is determined by comparing the newly calculated ER,new ER,
with previous ER[k][lci], the last ER value sent along linklco

to the source(s). Linklci is said to be overloaded if (new ER <
previousER[k][lci]×τ ), where0 < τ ≤ 1 is an overload thresh-
old. In general, the smaller the value ofτ , the lower the traffic
overhead, but the slower the reaction to congestion [6].

Figure 2(d) also outlines the algorithm for updating switch
variables at the end of every measurement interval, as done in the
ERICA algorithm [9].

4.3. Experimental Results

We added code to the NIST ATM network simulator [11] to imple-
ment the FCAM flow control scheme. Several experiments were
conducted on various configurations with mp-mp groups of 3-15
sources. We present here a set of three experiments on the config-
uration depicted in Figure 1. The setting of the experimentsis as
described in section 3.

The first two experiments simulate source-based and VC/source-
based BADs respectively; all the sources have a low ICR of 8
Mbps. The ACR graphs in Figures 4(b) and (c) show that band-
width is allocated properly to the sources according to eachBAD
(refer to Table 2). The convergence time3 is in each case is short,
within 250 msec or less. The ACRs remain stable after the sources
reach their correct allocations. The feedback consolidation proce-
dure at branch points helps maintain this stability. The utilization
of links L1b andL3a are 100% after sources’ ACRs converge.

3In general, the convergence time depends on the network topology,
the number of connections, mp-mp group sizes, and source-to-destination
distances. Also, RCAs based on source CCRs take somewhat longer to
converge than RCAs using weights, but are more effective.



In the third experiment, the sources’ ICR is increased to 100
Mbps in order to test the robustness of the FCAM algorithm. Fig-
ure 4(d) shows that the sources’ ACRs converge to the correctal-
location quickly, within 250 msec or less. Both linksL1b andL3a

are 100% utilized after sources’ rates stabilize . This experiment
shows that the FCAM algorithm adjusts well to high traffic de-
mand, provides fast and correct bandwidth allocation, and maxi-
mizes bandwidth utilization.

5. CONCLUSION

In this paper we first present an evaluation of the existing mp-mp
flow control schemes. Simulation results show that in many cases
they under-utilize ABR capacity and do not comply with the se-
lected BAD. Also, they implement only source-based BAD. We
propose a mp-mp flow control scheme, the FCAM algorithm, that
can support any of the existing BADs based on sources, namely
source-based, VC/source-based, and weighted-source-based allo-
cations. This flexibility allows ATM networks to meet various
bandwidth requirements of a wide range of ABR applications.The
FCAM RCA is based on maximum source CCRs (as opposed to
VC weights), a method that has been shown to give correct rate
allocation and maximize link utilization. Furthermore, the FCAM
RCA requires less storage and processing overheads than those
using VC weights (e.g., the MPER and Pao’s algorithms): there
is no need to maintain VC weights, branch weights, or aggregate
CCRs of branches. Feedback consolidation and feedback implo-
sion avoidance are used at branch/merge points to minimize rate
fluctuation during transient periods and cell loss rates. Simulation
results have confirmed that the FCAM algorithm is effective,al-
lows sources’ rates to converge quickly, and adjusts well tohigh
traffic demands.

Although the FCAM flow control scheme is designed in the
context of ATM networks, the design principles discussed are ap-
plicable to various networks that use feedback control, anduseful
for developing rate-based congestion-controlled services in high
performance IP networks.
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(a)
Upon receiving an FRM cell from incoming link lji of branch
j of VC k:
received FRM [k][lji] = true;
if (first FRM in this interval[k][lji]) {

ccr[k][lji] = FRM.CCR;
first FRM in this interval[k][lji] = false;

}
elseccr[k][lji] = max(ccr[k][lji], FRM.CCR);
for every fan-out linklfo whose supplying link islji {

Duplicate the FRM cell;
Forward FRM cell to next switch along linklfo;

} /* end for */
GenerateBRM(k, ljo);
/* ljo is the outgoing link associated withlji */

(b)
Upon receiving a BRM cell from incoming link lji of branch j
of VC k:
/* Calculate ER on linklji */
1: if (seen BRM in this interval[k][lji]) {
2: er calculated = last calculated ER[k][lji];
3: else{
4: if (load factor > 1 + δ)
5: er calculated = ccr[k][lji]/load factor;
6: elseer calculated = max(ccr[k][lji]/load factor,
7: max ER previous interval * source weight[k]);
8: er calculated= min(er calculated, ABR capacity);
9: max ER current interval =

10: max(max ER current interval,
11: er calculated/source weight[k]);
12: last calculated ER[k][lji] = er calculated;
13: seen BRM in this interval[k][lji] = true;
14: }
er calculated = min (er calculated, BRM.ER);
ljo = outgoing link associated with incoming linklji;
for every contributing linklci whose merged link isljo {

received BRM [k][lco][lji] = true;
/*Next 2 steps: part of feedback consolidation*/
min ER[k][lci] = min(min ER[k][lci], er calculated);
aggr CI [k][lci] = aggr CI [k][lci] OR BRM.CI;

GenerateBRM(k, lco);
/* lco is the outgoing link associated withlci*/

} /* end for */

(c)
Generate BRM(k, lco) {
/* lci is the incoming link associated withlco */
new ER = min(last calculated ER[k][lci], min ER[k][lci]);
if (((received FRM [k][lci]) AND (received BRM [k][lco][lb]

for all contributing linkslb)
OR (new ER < previous ER[k][lci] × τ )) {

Generate a BRM cell;
BRM.ER =new ER;
previous ER[k][lci] = BRM.ER;
BRM.CI = aggr CI [k][lci];
Forward the new BRM cell to next switch alonglco;

}
/*Reset consolidation variables*/
received FRM [k][lci] = false;
for every contributing linklb of lco

received BRM [k][lco][lb] = false;
min ER[k][lci] = MAX; /*a very big value*/
aggr CI [k][lci] = 0;
}

(d)
At the end of every measurement interval:
RecalculateABR target capacity andinput rate
(refer to reference [9]);
load factor = input rate/ABR target capacity;
max ER previous interval =

(1 − α) × max ER current interval
+α × max ER previous interval;

max ER current interval = 0;
for every VCi

for every branchb {
first FRM in this interval[i][b] = false;
seen BRM in this interval[i][b] = false;

}
/* Note: recommended value ofδ is 0.1;
recommended value ofα is 0.1 [7] */

Fig. 2. The FCAM mp-mp flow control algorithm
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Fig. 3. MPER algorithm; source-based allocation; linkL1b is under-utilized.
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(a) Pao’s algorithm; source-based allocation; linkL1b is under-utilized.
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(b) FCAM algorithm; source-based allocation; ICR = 8 Mbps.
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(c) FCAM algorithm; VC/source-based allocation; ICR = 8 Mbps.
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(d) FCAM algorithm; weighted-source-based allocation;source weight[m] = 0.75; ICR = 100 Mbps.

Fig. 4. Source ACRs and link utilization


