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Abstract

Traffic control for point-to-multipoint ABR services in ATM networks has been studied extensively, but this is
not the case for multipoint-to-point (mp-p) traffic control. No consensus has been reached concerning the issue
of fairness of bandwidth allocation among multipoint connections, or between point-to-point and multipoint
connections. Existing mp-p traffic control schemes for ABR services either support only a limited set of fairness
definitions, or are not effective. In this paper, we define a new type of fairness, and propose a flexible
multipoint-to-point traffic control scheme for ABR services. The proposed scheme supports cell merging at both
virtual path (VP) and virtual connection (VC) levels, and implements all existing types of fairness currently
defined in the literature for mp-p communications. This flexibility allows the network to meet various bandwidth
requirements of different application streams. It also permits switch vendors to quickly configure their switches
to meet clients' requirements, despite the lack of consensus on the issue of fairness definition. While being
flexible, the new algorithm is also fair, fast and robust. Simulation results show that the proposed scheme is fair,
and performs as well as, or better than existing mp-p traffic control schemes. It is also easy to incorporate the
new algorithm into a multipoint-to-multipoint traffic control scheme such as the framework proposed by Ren, Siu

and Suzuki.

1 Introduction

Multipoint communications support the exchange of
information among a set of participants. Multipoint
communication is by definition more greedy in band-
width than point-to-point (p-p) communication since a
multipoint connection involves multiple senders
and/or multiple receivers. Therefore, the research in
the area of traffic control for multipoint communica-
tions is very important, useful, and more challenging
compared to the p-p case.

Traffic control for point-to-multipoint ABR services
in ATM networks has been studied extensively [15,
16, 17, 18,19]. Multipoint-to-point traffic control for
ABR, on the other hand, has not been investigated in
depth. No consensus has been reached concerning the
issue of fairness of bandwidth allocation among mul-
tipoint connections, or between point-to-point and
multipoint connections. Existing mp-p traffic control
schemes for ABR services [9, 10, 11, 12] either sup-
port only a limited set of fairness definitions, or are
not effective

In this paper, we introduce a new type of fairness, and
propose a flexible mp-p traffic control scheme for

ABR services, the NK' algorithm. The proposed al-
gorithm supports cell merging at both virtual path
(VP) and virtual connection (VC) levels. More im-
portantly, it implements all existing types of fairness
currently defined in the literature for mp-p communi-
cations [6, 11]. This flexibility allows ATM networks
to meet various bandwidth requirements of a wide
range of ABR applications. Using the NK algorithm, it
is easy to select a desired fairness definition simply by
setting a few parameters. This advantage enables
switch vendors to quickly configure their switches to
meet clients' requirements, despite the lack of consen-
sus on the issue of fairness definition. The proposed
algorithm is not only flexible, but also fair, fast and
robust. Simulation results show that the NK algorithm
is fair, and performs as well as, or better than existing
mp-p traffic control schemes [10]. Furthermore, the
new algorithm can be applied easily to a multipoint-
to-multipoint (mp-mp) traffic control scheme such as
the framework proposed by Ren, Siu and Suzuki [9].

The paper is organized as follows. In section 2, we
discuss the issues involved in the design of a mp-p

! Named using the first letters of the authors’ last
names. We will use this naming convention through-
out the paper to denote different mp-p traffic control
schemes.



traffic control scheme. We also introduce a new type
of fairness in this section. Section 3 provides a litera-
ture survey on mp-p ABR traffic control. The pro-
posed mp-p algorithm is described in section 4. Simu-
lation results are presented in section 5. Section 6
concludes the paper

2 Design Issues of Multipoint-
to-Point Traffic Control

The design of a mp-p traffic control scheme must ad-
dress the following four issues: the cell interleaving
problem of AAL5 (ATM Adaptation Layer 5); the
fairness definition; the explicit rate calculation algo-
rithm at switches; and the processing of resource man-
agement (RM) cells.

2.1  Cell interleaving problem of AALS

AALS does not have any provision within its cell for-
mat for the interleaving of cells from different AALS
packets on a single connection. In a mp-p group, data
cells from various sources will eventually be merged
into one single channel, and thus require a mechanism
to preserve the integrity of packets from one another.
Among the proposed solutions to the cell interleaving
problem of AALS5 [6], VP merge and VC merge are
the most popular techniques. With VP merge, the vir-
tual path identification (VPI) field of ATM cells is
used to identify the virtual connections (VCs), while
the virtual connection identification (VCI) field is
used to distinguish among the sources of the same
multipoint-to-point VC. With VC merge, both VPI
and VCI fields of ATM cells are used to identify the
VCs. To prevent the interleaving of cells of packets
originating from different sources on the same mp-p
VC, cells of other packets are buffered at the switch
until all cells of the current packet go through.

2.2 Fairness Definitions

For unicast’ connections, the most commonly used
definition is max-min fairness [5]. The definition of
fairness becomes more complicated when mp-p con-
nections are involved since a mp-p VC is shared by
several sources. Fahmy, et al. have introduced the
following four types of fairness [6]:
® Source-based: divides bandwidth fairly among
active sources, ignoring whether a source belongs
to a p-p or mp-p connection.

* The terms “unicast” and “point-to-point” are used
interchangeably in this paper

e VC/source-based: first allocates the available
bandwidth fairly among the VCs, and then divides
the bandwidth for each VC fairly among the ac-
tive sources in the VC.

* Flow-based: divides bandwidth fairly among ac-
tive flows, where a flow is made up of cells of a
VC coming on an input link.

e VC/low-based: first allocates the available
bandwidth fairly among the VCs, and then divides
the bandwidth for each VC fairly among the ac-
tive flows in the VC.

Wang and Schwartz have suggested the concept of
“essential fairness™ to define fairness between multi-
cast (point-to-multipoint) and unicast TCP connec-
tions [7]. Moh and Chen extend the essential fairness
definition to mp-p communications of ABR traffic in
ATM networks [11]. This extended essential fairness
requires every source to be assigned a weight. The
weight of any unicast source is one. The weight of a
source of a mp-p connection i is w;, where 0 <w; < 1.
Let b be the bandwidth of a unicast source. Then the
bandwidth of a source of mp-p connection i is w; X b.
We name the extended essential fairness weighted-
source-based since each mp-p source is now given a
weight. For two different mp-p connections i and j,
we can have w; #wj. Note that when w; = 1, weighted-
source-based becomes source-based fairness.
When the number of sources sharing an mp-p VC is
large, VC/source-based definition can be unfair to
multipoint-to-point sources, and so can source-based
definition to unicast sources. Weighted-source-based
fairness provides a compromise between these two
extreme definitions

We extend the concept of weighted-source-based fair-

ness to flows. Similarly, each flow is assigned a

weight. Unicast flows have weight equal to one.

Each flow of a mp-p connection i has weight f;, where

0 <f; < 1. If the bandwidth of a unicast flow is b, then

the bandwidth of a flow of mp-p connection i is f; X b.

This fairness definition is named weighted-flow-

based. Two different mp-p connections i and j can

have f; #f. When f; = 1, we have flow-based fairness.

Weighted-flow-based fairness offers a trade-off be-

tween the two extreme cases of flow-based and

VC/flow-based fairness.

2.3  Explicit Rate Calculation
Algorithm

Given the max-min fairness definition, several explicit
rate calculation algorithms have been proposed for
unicast communications [4]. Typical rate calculation
algorithms are the MIT scheme [1], EPRCA [2], ER-
ICA [3], and FMMRA [4]. A unicast rate calculation
algorithm can be modified and extended to support



multipoint connections. In fact, the multipoint-to-point
traffic control schemes presented in [10] and [11] are
based on ERICA algorithm [3].

The choice of VC merge or VP merge also affects the
design of a multipoint rate calculation algorithm. With
VC merge implementation, cells of different sources
in the same mp-p VC are not distinguishable. There-
fore, with VC merge, the rate calculation algorithm
must avoid distinguishing between rates of different
sources. Such per-source accounting, however, is pos-
sible with VP merge because the VCI field is used to
distinguish among cells of different sources in the
same mp-p VC.

2.4  Processing of RM cells

There exist two methods of processing RM cells. In
the (FRM — BRM) method, an FRM cell arriving at
the switch triggers it to return a BRM to the source
[8]. In the (BRM — BRM) method, when a BRM cell
arrives at a switch from downstream, the switch sends
a BRM to the source [9]. The latter method is more
complex to implement with mp-p connections, but
works effectively when extended to multipoint-to-
multipoint traffic control [9].

3 Related Work

The first work on mp-p traffic control was published
by Ren, Siu, and Suzuki [8]. The proposed scheme,
RSS algorithm, assumes VC merge, and source-based
fairness. No rate calculation algorithm was proposed.
Instead, the authors claim that any unicast algorithm
can be applied directly to their mp-p scheme without
modifications, and if the unicast algorithm is fair then
the resulting mp-p algorithm is also fair. In reality,
there exist two problems with this mp-p traffic control
scheme: Firstly, using VC merge, sources of the same
mp-p group at a merging point are not distinguishable.
If a unicast rate calculation algorithm uses per-source
accounting, it cannot be applied directly to the pro-
posed mp-p scheme. Secondly, simulation results sug-
gested that the above mp-p algorithm is not fair, even
if the original unicast algorithm is fair [11].

In [9], Ren, Siu, and Suzuki propose a framework for
mp-mp traffic control. This mp-mp framework is the
combination of a p-mp traffic control algorithm [15]
and an mp-p algorithm. The mp-p algorithm is taken
from the authors' previous work [8], and thus still suf-
fers from the above drawbacks. However, a fair and
correct mp-p algorithm can be applied to this fram-
work to obtain an effective mp-mp traffic control
scheme.

Fahmy, Jain, et al. introduced a mp-p traffic control
scheme [10] based on the rate calculation algorithm
ERICA [3]. Although this scheme is fair and fast, its
application can be limited since it supports only one
type of fairness: source-based fairness. We call this
scheme FJ algorithm.

Another mp-p traffic control scheme based on ERICA
algorithm was suggested by Moh and Chen [11]. We
call this scheme MC algorithm. This algorithm im-
plements only source-based and weighted-source-
based fairness. The MC algorithm employs the basic
ERICA algorithm, which does not use ER,,, the
maximum explicit rate posted on the BRM cells proc-
essed during a measurement interval, for computing
new explicit rates [3]. It has been shown that there are
cases in which the basic ERICA algorithm does not
converge to fair allocation [3, 4]. The same unfairness
problem exists in the MC algorithm since it uses the
basic ERICA algorithm. ER,,,, can be used to remedy
the problem, but it must be scaled to the weight of an
mp-p connection when the new explicit rate of the
connection is calculated.

Another work related to multipoint flow control is
presented in [12]. The author considers the multipoint-
to-multipoint case, but does not address the mp-p
case. A multipoint-to-multipoint connection with N
members is implemented as N point-to-multipoint
connections, each having one sender and N-I receiv-
ers. This scheme is thus not scalable as N grows.
References [13, 14] are also related to multipoint
communications, but they focus on multipoint archi-
tectures, not traffic control.

The proposed NK algorithm implements all existing
fairness definitions suggested in the literature for mul-
tipoint-to-point communications [6, 11]. Table 1
summarizes the types of fairness supported by the
RSS, FJ, MC and NK algorithms respectively. The
NK algorithm is not only flexible, but also fair, fast
and robust. Its implementation is described in the
next section.

Table 1 Types of fairness supported by different mp-p
traffic control algorithms

Fairness Type RSS FJ MC | NK

Source-based X X X

VC/source-based

Weighted-source-based X

Flow-based

VC/flow-based

Fo Tl T E B e -

Weighted-flow-based




4 The NK Multipoint-to-Point
Traffic Control Algorithm

In this section, we first provide an overview of the NK
algorithm, and then describe the algorithm in details.

4.1 Overview

The NK mp-p traffic control scheme supports both
VC merge and VP merge. RM cells are processed us-
ing the (BRM — BRM) method since it allows us to
extend the algorithm to the multipoint-to-multipoint
case later. The NK algorithm implements all existing
fairness definitions suggested in the literature, namely
source-based, VC/source-based, flow-based, and
VC/flow-based fairness proposed in [6], weighted-
source-based fairness defined in [11], and weighted-
flow-based fairness introduced in section 2.2.
We have selected the unicast algorithm FMMRA [4]
as the base for the new mp-p rate calculation algo-
rithm. FMMRA has O(l) computation complexity
and O(N) storage complexity, comparable with the
best switch algorithms such as ERICA [3]. We have
chosen FMMRA since it is fair, fast and robust. These
advantages result from the following characteristics of
the FMMRA algorithm :

e The fair share is used for computing new explicit
rates. The fair share of a link can be defined
roughly as the target ABR capacity divided by the
number of active ABR sources traversing the link.

e The traffic load on the link is used to correct the
computation of the fair share to be allocated to
each active VC. Using the traffic load as a correc-
tion factor permits the explicit rate (ER) calcula-
tion to converge rapidly to fair share when the
number of active ABR sources is not known, or
when bursty sources are present.

e The switch keeps track of the maximum ER over
all BRM cells, ER,,., and uses ER,,, together
with the traffic load in setting the explicit rate.
The advantage of using ER,,,, with respect to us-
ing individual CCRs (as the MC algorithm does)
is that in this way all connections have their rates
allocated from a common reference. Once the
connections are coupled to the same reference, by
using the load, the ER is guaranteed to converge
to the fair share.

e The queue length is used as an additional indica-
tor of congestion, in order to improve congestion
control, and maintain the buffer requirements at a
desired level.

e The ER field in the RM cells is set in both for-
ward and backward directions. This speeds up the
convergence time since the ER set in FRM cells
captures upstream bottlenecks. When the ER is

computed in the backward direction, a source will
not be given more bandwidth than the amount set
by its upstream switches, avoiding unnecessary
rate oscillations.

e FMMRA is robust since its performance and ac-
curacy are independent of the rate increase (RIF)
and decrease (RDF) parameters [20]. Moreover,
FMMRA does not use CCR values in RM cells,
and thus is not sensitive to CCR errors.

We now describe the extensions to the FMMRA algo-

rithm that are needed to accommodate mp-p connec-

tions. Let W,; be the weight of an mp-p connection i

at switch s. Depending on the desired type of fairness,

W;.i is computed as follows:

e VC/source-based and VC/flow-based: W, ; = 1.

e  Source-based: W, = N,;, where N;; is the num-
ber of sources of connection i merging at switch
s.

e  Weighted-source-based: W,; = N;; x w;, where
w; is the weight of a source of connection i.

e Flow-based: W,; = F;, where F;; is the number
of flows of connection i merging at switch s.

e  Weighted-flow-based: W,; = F,; x f;, where f; is
the weight of a flow of connection i.

The weight of any p-p connection is one. The

FMMRA algorithm is modified so that, at switch s,

mp-p connection i is allocated W;; times bandwidth of

a p-p connection, if 7 is not bottlenecked elsewhere. In

other words, each connection is offered an amount of

bandwidth proportional to its weight. If connection i is
bottlenecked elsewhere, the offered amount is reduced
to the bottlenecked bandwidth. Note that appropriate
switch variables (e.g., the fair share, ER,,,,) are scaled
to W,; when the new explicit rate of connection i is
calculated. We call this modified version of the

FMMRA algorithm “FMMRA with weighted connec-

tions” or FMMRAW for short.

4.2  Detailed Description of The NK
Algorithm

Point-to-point connections do not require any special
processing or variables, except that FMMRAW is
used to calculate new explicit rates instead of the
original FMMRA algorithm. This is because
FMMRAW takes into account the weights of mp-p
connections when computing new explicit rates.
Multipoint-to-point connections, however, need addi-
tional variables at switches. Every mp-p connection
at a switch requires three additional arrays; each array
has B elements, where B > 1 is the number of branches
of the mp-p connection merging at this switch. The
three arrays are:
e receivedFRM: receivedFRM[k] is set to true if
an FRM cell has been received from branch k



since the last BRM cell was returned along
branch k.

o numberSources’: numberSources[k] indicates the
number of sources in this mp-p connection whose
data is carried by branch k.

e savedER: savedER[k] stores the explicit rate pro-
vided by field ER of FRM cells. It helps to cap-
ture upstream bottleneck of branch k, if any, al-
lowing faster convergence to the optimal operat-
ing rate.

We consider the case of source-based, VC/source-

based and weighted-source-based fairness first, and

discuss the implementation of the other fairness defi-
nitions based on this case.

When an FRM cell arrives at the switch from branch k&

of an mp-p connection i, the switch sets variable re-

ceivedFRM{[k] of connection i to true, and stores the
value of field ER of the FRM cell into savedER/[k].

The switch then uses FMMRAW algorithm and array

savedER to compute the new explicit rate of the con-

nection. Field ER of the FRM cell is set to the new
explicit rate, and the FRM cell is forwarded down-
stream. The pseudo-code is as follows:

receivedFRM[k] = true;
savedER[k] = FRM.ER;
Apply FMMRAW to compute offeredRate;
sumER = 0;
for every branch j of connection i
sumER = sumER + savedER[j];
newER = min (sumER, offeredRate);
FRM.ER = newER,
Forward the FRM cell downstream;

Note that sumER is the total bandwidth from the
merging branches of connection i, and set by upstream
switches. The computed offeredRate is the fair rate
that the switch is willing to offer to connection i. This
amount is reduced to sumER if i has any upstream bot-
tlenecks.

When a BRM cell arrives at the switch from an mp-p
connection i, the switch computes the new explicit rate
using FMMRAW algorithm, and field ER of the BRM
cell. The allocated bandwidth is then divided among
the branches of the connection merging at this point.

? One way to maintain variables numberSources is as
follows. When a source joins the mp-p group, it sends
a “join” signal to the destination. Each switch on the
source-to-destination path increments variable num-
berSources of the corresponding incoming branch. A
similar procedure is performed when a source leaves
the mp-p group; that is, variable numberSources is
decremented upon receiving a “leave” signal. Another
method for maintaining variables numberSources is
suggested in [11].

Each branch is offered an amount of bandwidth pro-
portional to the number of sources whose data it car-
ries. A BRM cell is returned to each branch k whose
receivedFRM[k] is true. Following is the pseudo-
code:

Apply FMMRAW to compute offeredRate;
newER = min (BRML.ER, offeredRate);
N =0,
for every branch k of connection i
N = N + numberSources[k];
for every branch k of connection i
if receivedFRM[k] = true then
Generate a BRM cell;
BRM.ER = min (savedER[k],
newER * numberSources[k] / N);
Send BRM cell upstream along branch k;
receivedFRM[k] = false;
endif;

Note that if branch k has an upstream bottleneck,
which is captured in savedER/[k], then its equal share
is reduced to savedER[k].

To support flow-based, VC/flow-based and
weighted-flow-based fairness, we simply set array
variables numberSources of all branches of mp-p con-
nections to one. The same algorithm as described
above is applied. After a BRM cell is received from
an mp-p connection i, and the new explicit rate is
computed, the bandwidth allocated to i is effectively
divided equally among its branches (or flows), result-
ing in flow-based fairness within the mp-p connection.
Note that in the NK algorithm it is easy to switch from
one fairness definition to another simply by using the
appropriate formula to compute weights of connec-
tions as shown in section 4.1, and setting array vari-
ables numberSources of mp-p connections.

5 Simulation Results

Fig. 1 shows the configuration used for simulation. In
this configuration, multipoint-to-point sources S;, S,
and S; send data to destination D;,;, while unicast
source S, sends to destination D,. In the experiments
presented in this paper, we use the following setting.
Each link has an ABR capacity of 150 Mbps. The dis-
tance between switches is 1000 km. Terminal-switch
distance is lkm. VC merge is simulated, and the
packet size is 500 bytes. The sources are persistent,
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 each type of fairness. We conducted
three experiments to evaluate the effectiveness, per-
formance, and robustness of the NK algorithm.



Fig.1 Simulation configuration

Table 2 Fair rates of the sources in Mbps

Fairness Type S1 S, S3 Su
Source 37.50 37.50 37.50 37.50
VC/source 25.00 | 25.00 | 25.00 | 75.00
Weighted-source 34.62 34.62 34.62 46.15
Flow 25.00 | 25.00 | 50.00 | 50.00
VC/flow 18.75 18.75 37.50 | 75.00
Weighted-flow 22.50 | 22.50 | 45.00 | 60.00

5.1 Effectiveness and Performance of
The NK Algorithm

In the first experiment, we evaluate the effectiveness
and performance of the NK algorithm when all the
sources have a low initial cell rate (ICR) of 25 Mbps.
Fig. 2 shows the allowed cell rates (ACRs) of the
sources for each type of fairness. We can see that the
sources' rates converge to fair allocation quickly,
within 120 msec or less. The sources' rates are allo-
cated properly according to each fairness definition, as
listed in Table 2. Fig. 3 shows the lengths of the
queues at switches sw;, sw, and sw; for each type of
fairness. The queues at sw; and sw, are very small,
because sources S; and S, do not use links L; and L,
fully due to the bottleneck at switch sw;. The queue
occupancy at switch sw; remains stable, and oscillates
very little after the sources reach their optimal operat-
ing rates.

5.2  Robustness of The NK Algorithm

In the second experiment, we increase the sources'
ICR to 100 Mbps in order to test the robustness of the
NK algorithm. The results in Fig. 4 and Fig. 5 show
that the algorithm adjusts well to high traffic demand,
and allows fast convergence to fair allocation. Fig. 4
shows that the sources reach their fair rates within 250
msec or less, depending on the fairness type. In each
case in Fig. 5, the queue at switch sw; is overloaded at
the beginning, but quickly reduces to stable occupancy

when the sources' bandwidths converge to fair rates.
During the stable operating state, the queue length os-
cillations are very small.

5.3  Comparing The FJ and NK
Algorithms

In the third experiment, we compare the FJ algorithm
[10] with the source-based case of the NK algorithm
(the FJ algorithm supports only source-based fair-
ness). We use the same configuration and simulation
setting as in the above two experiments, and run the
FJ algorithm. Fig. 6 shows the sources’ ACRs and the
lengths of the queues at switches when the sources
have an ICR of 25 Mbps. Fig. 7 shows the results
when the sources’ ICR is 100 Mbps. Comparing Fig.
2a with Fig. 6a, we see that the NK algorithm con-
verges faster: the convergence time is 105 msec versus
260 msec. Using the NK algorithm, switch swy; is also
less congested at the beginning: the maximum queue
length at sw; is 1025 cells versus 3500 cells, as shown
in Fig. 3a and 6b respectively. With the NK algo-
rithm, the fluctuations of source rates and queue
lengths at the beginning are also smaller. For the ex-
periment in which the sources’ ICR is 100 Mbps, we
have similar observations when comparing Fig. 4a
with Fig. 7a, and Fig. 5a with Fig. 7b.

The NK algorithm offers better performance due to
the following two reasons: Firstly, the NK algorithm
uses the fair share in the computation of new explicit
rates. Secondly, the algorithm also computes new ex-
plicit rates on the forward path of RM cells, and up-
dates field ER of FRM cells. These two features help
to speed up convergence time, and to minimize the
fluctuations of source rates and queue lengths. The FJ
algorithm does not implement the above two features.

54  Other Experiments

In the configuration in Fig. 1, the bottlenecked link is
closer to the destinations. We also carried out the
above three experiments with another configuration in
which there are more sources, the bottlenecked link is
closer to the sources, and the sources have different
ICRs. The evaluations drawn from the simulation re-
sults of these experiments are consistent with the
above observations. The proposed algorithm permits
the sources to reach their fair rates quickly. The oscil-
lations of source rates and queue lengths are small.
When compared with the FJ algorithm, the source-
based case of the NK algorithm performs as well as,
or better than the FJ algorithm. This set of experi-
ments is not presented here due to space limitation.



6 Conclusion

Increasing demands for ATM multipoint services have
called for efficient multipoint traffic control protocols,
including those supporting ABR applications. We
have added a new fairness definition for ABR multi-
point traffic, and proposed a flexible traffic control
scheme for ABR mp-p services, the NK algorithm.
The new scheme allows the use of both VC merge and
VP merge, and accommodates all existing types of
fairness defined for mp-p communications. This flexi-
bility enables the network to meet various bandwidth
requirements of a wide range of ABR applications. It
also provides switch vendors with more implementa-
tion choices for supporting mp-p communications in
their switches. Moreover, the NK algorithm fair, fast,
and robust. Simulation results have confirmed the ad-
vantages of the proposed algorithm. The NK algo-
rithm can be easily incorporated into an mp-mp traffic
control scheme such as the framework suggested by
Ren, Siu and Suzuki.
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Fig.2 ACRs of sources (ICR = 25 Mbps)
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Fig. 4 ACRs of sources (ICR = 100 Mbps)

a) Source-based
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Fig. 5 Queue lengths (ICR = 100 Mbps)
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Fig. 6 The FJ algorithm (ICR =25 Mbps)
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