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ABSTRACT

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

1. INTRODUCTION

Multipoint communications support the exchange of infaiiora
among a set of participants in an efficient manner. Multipton
multipoint communications encompass an important clasgpef
plications whose examples are synchronization of regitat
databases, audio/video conferencing, distributed iotesagames,
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 isd#idi
evenly among ABR sources. ABR traffic is regulated using ex-
plicit rate (ER) control as follows [1]. Resource manageniBiv)
cells are generated periodically by ABR sources, sent frioen t
source to the destination (downstream) as forward RM (FRMS ¢
and turned backed by the destination to the source (upstraam
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 ubimgalue
in field ER (BRM.ER).

Although there exist many mp-mp flow control schemes [2,
13, 15, 19], several issues remain to be resolved: bandwibith
cation definitions (BADs), and the effectiveness and pertorce
of those schemes. Bandwidth allocation definitions referiteria
for allocating ABR bandwidth among multipoint connectipos
between unicast (point-to-point) and multipoint connaasi. For
example, should a source of a multipoint connection with 100

IFlow Control for Abr Multipoint-to-multipoint services

sources be allocated the same rate as a unicast source,tor jus
1/100th of the rate of a unicast source? Several BADs have bee
suggested for multipoint communications [5, 10, 12]. Hoerev
researchers have not yet agreed on which definitions aresuipst
able for ABR multipoint applications. Therefore, a mp-mpaflo
control scheme should support several BADs, i.e.flé&dble so

€hat switch vendors can configure their switches quickly eawlly

to meet clients’ requirements.

A mp-mp flow control scheme isffectiveif it allocates ABR
bandwidth to sources according to the selected BAD and max-
imizes the utilization of ABR capacity. Desirabperformance
measure®f a multipoint flow control scheme are fast convergence
and minimal rate oscillations.

In this paper, we first present a simulation-based evaluatio
of the existing mp-mp flow control schemes. The evaluatiati-in
cates that those schemes suffer from the problems of linkmind
utilization and/or non-compliance with the selected BADriany
cases. Moreover, they implement only one BAD, namely seurce
based allocation, which divides ABR bandwidth evenly among
sources, unicast or multipoint. This inflexibility can linthe ap-
plication of those schemes. We then propose a new mp-mp flow
control algorithm, the FCAM algorithm, that is effectivedasup-
ports a large set of BADs. Experimental results are predetate
demonstrate the advantages of the FCAM algorithm: corgget r
allocations with fast convergence, maximum link utilipati and
minimal rate oscillations.

The ABR service was originally proposed for use in ATM
networks. However, its congestion controlled traffic clotass-
tic makes it an attractive service for use in high-perforogatP
networks as well, in order to promote fairness towards conne
tions using TCP, the dominant Internet transport protot6].[ In
fact, Sisalem and Schulzrinne have proposed an ABR-likécser
for the Internet called Adaptive Load Service (ALS) whosfic
control mechanism is similar to that of ABR [16]. Althougteth
mp-mp ABR flow control scheme we propose in this paper is im-
plemented for ATM networks, its design is applicable to easi
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 sahem
Section 3 presents related work and our evaluation of thtiegi
mp-mp flow control schemes. The proposed FCAM algorithm is
described in section 4, followed by experimental resuleti®n 5
concludes the paper.

2. DESIGN ISSUES OF MP-MP FLOW CONTROL

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



This approach, however, is not scalableNagrows. It is desirable

to implement a mp-mp group as a single VC for scalability and
easy maintenance [13]. In addition, the following threeigiess-
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-based5]: divides ABR bandwidth on a link evenly
among activesourcessharing the link, ignoring whether a source
belongs to a unicast or a mp VC.

— VCl/source-based5]: first allocates the ABR bandwidth evenly
among the VCs, unicast or multipoint, and then divides the al
cated bandwidth of each VC evenly among the acsivarcesin
the VC.

— Weighted-source-based10]: 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 connectiois w;, whered < w; < 1.
For two different mp connectionisandj, we can havev; # wj.
ABR bandwidth is allocated to the sources proportionallyhizir
weights. Note that whew; = 1, we have source-based allocation.
Weighted-source-based definition provides a compromisedsmn
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 awaylac®
from the destination in terms of the number of merge poiris, t
smaller the rate it is allocated [5]. We thus do not considebB
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 ha
been modified and applied in many mp-p and mp-mp flow control
schemes [7, 10, 15]. The resulting mp RCA must take into aticou
the selected BAD to ensure that it allocates bandwidth ctyras
dictated by the BAD.

(3) Processing of RM Cells

There are two issues to consider: feedback implosion arnith&exk
consolidation.

If a mp-mp group hasv members, an FRM cell will be du-
plicated N — 1 times. When the FRM cell is turned around and
travels back to the sources as a BRM cell, it would be dupli-
cated againV — 1 times. To prevent the problem é¢edback
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 alory th
branch [7, 12, 15, 19].

A mp-mp group with members can be viewed a5logical
p-mp trees, each containing one sender ahd- 1 receivers. In
such a logical p-mp tree, the allowed cell rate (ACR) of tharse
at the root should be less than or equal to the lowest ratecéimat
be supported among all the branches of the p-mp tree. Otberwi
a higher rate would cause congestion, and thus data los$ieon t
branch with the lowest capacity. Therefore, a switch shoola-
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 calléeedback consolidationHow-
ever, when an overload situation is detected, a BRM cell oxdr-
load information should be sent immediately to the sourdgaout
waiting for feedback from all the branches, in order to allevthe
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
CG@? algorithm [2], that implements a mp-mp connection with
members asV p-mp VCs, each having one sender aNd— 1
receivers. This scheme is thus not scalablé&/agrows.

The scheme proposed by Retal, 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 ca
be applied directly to their mp-p scheme without modificasio
However, if data forwarding uses VC merge and the unicast RCA
uses per-source accounting (e.g., the ERICA algorithne) ntp-

p algorithm will not allocate ABR bandwidth correctly, asepr
ously demonstrated by simulation results [10]. The resglthp-
mp scheme is thus not effective.

Other mp-mp flow control schemes include the MPER [13]
and Pao’s [15] algorithms. The main differences betweerethe
schemes are the BADs implemented and the RCAs. Table 1 lists
the BADs supported by and other characteristics of thesedtow
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 weightWW,, of a mp VCk on a link L is Wy, = Nj X wg,
wherewy, is the weight of a source of V&, and Ny, is the num-
ber of sources of VG: merging on link L. 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 pointeth
bandwidth of VC is then divided among the merging branches
using the branch weights [13]. The weight of a brancbf a
mp VC k is defined asw;,x = mj;r X wi, Wheren; y is the
number of sources of V& merging on branchy. Each branch
is allocated an amount of bandwidth proportional to its \msg
branch_.ER; = VC_ERy x wj/Wi. Our simulation results
presented next show that RCAs using VC weights suffer fraen th
problems of link under-utilization and/or non-complianeith the
selected BAD in many cases.

We used the ATM network simulator version 4.1 developed
by the American National Institute of Standards and Teabml
(NIST) [11], and added code to implement the MPER flow con-
trol scheme. The simulation was conducted on the configurati
depicted in Figure 1. In this configuration, the mp-mp cornec
tion consists of four sources;, Sz, S andSs that exchange data
with each other, and the unicast sousi¢ sends data to the des-
tination D,,. 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-swiigh d
tance is 1km. VC merge is simulated, and the packet size is 512
bytes (maximum TCP segment size). The sources are petsisten
have an initial cell rate (ICR) of 8 Mbps, and start sendintada
at the same time. The duration of each experiment is 1000.msec
Given the above configuration and link bandwidths, Tables® li
the sources’ rates for different BADs. In every experimemng,
recorded the ACRs of the sources and the utilization of libks
and Ls,, the most bottlenecked links in the given configuration.

The following experiment, which simulates source-base®BA

2Named using the first letters of the authors’ last names. Weugg
this naming convention throughout the paper to denoterdiffemp-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 (nfa) | (n/fa) | 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 thetd
per-source accounting are eliminated in order to suppormégye.

Table 1. Characteristics of the existing multipoint flow controgjatithms

Bandwidth Allocation Definition S1 So Ss3 Sy 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./34.62 | 34.62 | 34.62 | 80.76 | 46.15

Table 2. ACRs (in Mbps) of the sources in Figure 1

in the previous experiment, at 59 Mbps, but still does nathidhe
optimal 75 Mbps. The utilization of linld;;, 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,eth
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 weggh
[10, 12]. Similarly to the above mp-mp RCAs, these mp-p RCAs
are also affected by the problems of link under-utilizatéord/or
non-compliance with the selected BAD in many cases, as prove
by previous simulation results [14]. These mp-p RCAs thumoa
be extended in any way to support mp-mp connections.

Fig. 1. Configuration for experiments

illustrates the problem of link under-utilization of the AR

scheme. The graph of source ACRs in Figure 3 obtained from
simulation indicates tha$, transmits at 50 Mbps, instead of 75
Mbps according to source-based allocation (see Table 2)a As
result, the utilization of linkL; varies around 83%, instead of be-
ing 100% hadS, been able to claim the unused bandwidth from
S> andSs on link L1,. The reason for this under-utilization is that
switch sws is not aware of the bottleneck on links, and cannot
re-allocate the unused bandwidth fraéin andSs to Ss.

The RCA by Pao [15] attempts to alleviate the problem of link The FCAM flow control scheme treats a mp-mp group as a single
under-utilization by dividing the bandwidth at merge psiosing VC for scalability and easy maintenance. RM cells are preegs
a combination of weights and aggregate CCRs (current delfya  as described in section 2, i.e., with feedback implosioridance
of the branches. The aggregate CCR of a branch is the sum of theand feedback consolidation to minimize traffic overheaal os-
CCRs of the sources (belonging to the mp VC) whose traffic merg cillations and cell loss rates.
ing on this branch. The ER of a branch is computed using two ER  Our RCA is based on the method of using source CCRs adapted

4. THE FCAM FLOW CONTROL SCHEME

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

4.1. Key Ideas and Novel Features

values: one proportional to the weight of the branch, andther, from the ERICA algorithm and first used in the FJ algorithm, a
to the aggregate CCR of the branch, as follosinch-ER; = mp-p flow control scheme proposed by Fahatyal. [7]. At the
VC_ERy x (wjx /Wi + branch.CCR; 1 /VC_CCRy) /2. end of every measurement interval, the switch calculatestin-

Our simulation results show that using both branch weights rentload factorof a link, which is the ABR input rate divided by
and aggregate CCRs indeed helps improve link utilizatioowH the ABR capacity of the link (pseudo-code in Figure 2(d)).r Fo
ever, it still does not ensure the maximum possible linkaation every output linkZ, the switch maintains the CCR of every VC
due to the partial use of branch weights for dividing the VC.ER (carried in FRM cells), as well as the maximum ER allocated in
This is illustrated by the following experiment that was amthe the previous intervaknax_E R_previous_interval. Depending
same configuration in Figure 1 with source-based allocafidre on the current value of the load factor on lidk every VC must
ACR graph in Figure 4(a) shows that the ACRXfis higher than 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), lindg}—{5}).
In addition, if the load factor is less than+ ¢ (underload), a
VC can raise its rate tmax_E R_previous_interval to be able

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 considi@s

to catch up with the VC having the highest rate. The value of a logical p-mp branch point with the supplying link beilyg The

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

FRM cell is duplicated, and sent along each fan-out linkof the
supplying linkl;; (e.g., sentalong link&2, andLz. if 1j; = L1a).
When a BRM cell arrives at switch from the incoming link

link. In that case, we select the maximum of the CCR values see [;; of a branchj of VC k, the ER of the VC on link;; is calcu-

in the current interval; the pseudo-code is given in Figui).2
This helps reduce rate fluctuations [7].

lated. The ER calculation is outlined in Figure 2(b). Thetstvi
then considers;,, the outgoing link associated with;, as the

Previous simulation results [7, 14] show that RCAs based on merged link of a logical mp-p merge point. For instance, & th

source CCRs are effective in terms of correct bandwidthcallo
tion and link utilization. The FJ algorithm, however, supgpmnly
source-based allocation, and only for mp-p connections.reMo
over, it suffers from prolonged rate fluctuations in manyesd44].

BRM cell arrives at switchsws from link L1, then Ly, is the
merged link, andLy, and Lo, are contributing links of_q,. For
every contributing link.; whose merged link i&;,, feedback con-
solidation is performed using the new ER of the VC on ligk

We propose an RCA using source CCRs without the problem of and fields BRM.ER and BRM.CI of the BRM cell.

excessive rate oscillation. Specifically, our contribngionclude:
(1) minimizing rate fluctuations in the FJ algorithm, (2) paging
source-based, VC/source-based and weighted source;tased
(3) applying the source CCRs approach to mp-mp flow control.

The reason for prolonged rate oscillations in the FJ algorit
is that the ER of a VC is calculated several times while thel loa
factor is calculated only ongeer measurement interv@d]. If the
load factor is not exactly one, the ER values will keep insireguor
decreasing during that interval, causing unnecessarifaigms in
the subsequent interval. To solve this problem, we permitieck
to computeonly oneER feedback value per VC per measurement
interval. The new code is outlined in Figure 2(b), lifds —{3}.

We employed the idea of a “reference point” to support mul-
tipoint sources with weights. Since sources of differenttimu
point VCs carry different weights, their ERs should not bedis
asmax_E R_previous_interval, the “reference point”. Instead,
ERs of unicast VCs are considered, because all unicastesurc
have the same weight of 1. Therefore, switch variables
mazx_E R_previous_interval andmaxz_E R_current_interval
of every output port are maintained with respect to unicaistces.
When the ER of a mp-mp source is calculated, variable
mazx_E R_previous_interval is scaled by the weight of the source
(recorded in variableource_weight[k]), as shown in the algo-
rithm in Figure 2(b), line{7} and{11}. A BAD is implemented
by setting variableource_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; $ource_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 erpla
the FCAM algorithm in more detail.

4.2. Protocol Description

A switch in the routing tree of a mp-mp VC can always view itsel
as either a logical p-mp branch point or a logical mp-p meagjetp
For example, in Figure 1, when a cell arrives at switalh, from
link L1,, itis duplicated and sent out along links, andL..: this
is a p-mp cell forwarding operation. Link;,, is called thesup-
plying link, and links L2, and L. arefan-out links Conversely,
switch sws can also view linkd o, and Ly4 ascontributing links
and L, as themerged linkof a mp-p merge point: data frod,
and L4 is merged onlqp.

When an FRM cell arrives at a switelirom the incoming link
l;; of a branchy of VC k, variableccr[k][l;;] is updated using the

Function GeneratBRM)() is then called to generate a BRM
cell, if possible, to be sent along lirik,, the outgoing link associ-
ated withl.; (e.g., sent along linkd2, and Ly if Ij; = Lia).
Specifically, a BRM cell may be generated if either one of the
following two conditions is satisfied (pseudo-code giverFig-
ure 2(c)):

(1) Switch s has received at least one FRM cell frdm since
the last BRM cell was sent along,. In addition, switchs has
received at least one BRM cell from every bramd # [.;) since
the last BRM cell was sent alorig, (e.g., switchsw- has received
BRM cells from bothL,, and Lo, for l., = L2.). 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 lidk. Overload
is determined by comparing the newly calculated BRw_ER,
with previous_ER[k][l.:], the last ER value sent along lirk,
to the source(s). Link; is said to be overloaded iew_ER <
previousER[k][l;] x T), where0 < 7 < 1is an overload thresh-
old. In general, the smaller the value of 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 dotne i
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 063-1
sources. We present here a set of three experiments on tfig-con
uration depicted in Figure 1. The setting of the experiménts
described in section 3.

The first two experiments simulate source-based and VGiseur
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 ¢a&b
(refer to Table 2). The convergence tifrie in each case is short,
within 250 msec or less. The ACRs remain stable after thecesur
reach their correct allocations. The feedback consobdatroce-
dure at branch points helps maintain this stability. Thézatiion
of links L, and L3, are 100% after sources’ ACRs converge.

3In general, the convergence time depends on the networkompo
the number of connections, mp-mp group sizes, and sourdestination
distances. Also, RCAs based on source CCRs take somewtuarltm
converge than RCAs using weights, but are more effective.
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@)
Upon receiving an FRM cell from incoming link ;; of branch
jof VC k:
received_F RMk][l;:] = true;
if (first_.F RM _in_this_interval[k][l;:]) {
cer[k][l;:] = FRM.CCR;
first_F RM _in_this_interval[k][l;;] = false;

}

elseccr[k][l;;] = max(cer[k][l;:], FRM.CCRY);

for every fan-out linkl ;, whose supplying link ig;; {
Duplicate the FRM cell;
Forward FRM cell to next switch along linlk,;

} * end for */

GenerateBRM(k, ;0);

I* 1, is the outgoing link associated with; */

(b)
Upon receiving a BRM cell from incoming link Z;; of branch j
of VC k:
/* Calculate ER on link;; */
1: if (seen.BRM _in_this_interval[k][l;]) {
er_calculated = last_calculated_E R[k][l;:];
: else{
if (load_factor > 1+ §)
er_calculated = ccr[k][lj:]/load-factor;
elseer_calculated = max(cer[k][l;:]/load_factor,
maz_ER_previous_interval * source_weight[k]);
er_calculated= min(er_calculated, ABR_capacity);
maz_ER_current_interval =
10: max(nax_FE R_current_interval,
11: er_calculated/source_weight[k]);
12: last_calculated_ER[k][lj:] = er_calculated,
13: seen_.BRM _in_this_interval[k][l;;] = true;
14:}
er_calculated = min (er_calculated, BRM.ER);
ljo = outgoing link associated with incoming lirdl;
for every contributing link.; whose merged link ig;, {
received_BRM [k][lco][l;:] = true;
/*Next 2 steps: part of feedback consolidation*/
min_ER[k][lc;] = min(min_ER[k][l.], ercalculated);
aggr_CI[k][lei] = aggr-CI[k][l.;] OR BRM.CI,

CONITRWN

GenerateBRM(k, lco);
[*1., is the outgoing link associated with;*/
} I* end for */

(©
Generate BRM(k, lco) {
I* l.; is the incoming link associated with, */
new_FER = min(last_calculated_E R[k][le:], min_ER[k][lci]);
if (((received_F RM[k][le:]) AND (received_BRM[K][lco][ls)
for all contributing linksly)
OR (new_ER < previous_-ER[k][lc;] x 7)) {
Generate a BRM cell;
BRM.ER =new_ER,
previous_ER[k][l.;] = BRM.ER;
BRM.Cl =aggr CI[k|[l];
Forward the new BRM cell to next switch alohg;
}
[*Reset consolidation variables*/
received_F RMk]|l.;] = false;
for every contributing link, of I,
received_BRM [k][lco][ls] = false;
min_ER[k][l.;] = M AX; [*a very big value*/
aggr-CI[E][le] = 0;

(d)
At the end of every measurement interval
RecalculateA BR target_capacity andinput_rate
(refer to reference [9]);
load_factor = input_rate/ABR_target_capacity;
max_ER_previous_interval =
(1 — @) x maz_ER_current_interval
+a X maz_E R_previous_interval,
max_ER_current_interval = 0;
for every VCi
for every branch {
first_F RM _in_this_interval[i][b] = false;
seen_BRM _in_this_interval[i][b] = false;
}
* Note: recommended value 6fis 0.1,
recommended value aof is 0.1 [7] */

Fig. 2. The FCAM mp-mp flow control algorithm
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Fig. 3. MPER algorithm; source-based allocation; lihl, is under-utilized.
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(a) Pao’s algorithm; source-based allocation; link 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 Mbp
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(d) FCAM algorithm; weighted-source-based allocatiem;rce_weight[m] = 0.75; ICR = 100 Mbps.

Fig. 4. Source ACRs and link utilization



