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Abstract�
A number of frameworks have been developed for extending ABR tra	c management algo�
rithms to support point�to�multipoint connections
 This contribution provides a comprehen�
sive analysis of the performance of ABR tra	c management for point�to�multipoint connec�
tions under a variety of conditions
 The study demonstrates that the extension frameworks
preserve the e	ciency and fairness properties of the original point�to�point switch scheme
employed
 The major problem speci�c to point�to�multipoint connections is the consoli�
dation noise problem� which occurs when there are distant bottlenecks on a branch of the
tree
 In addition� many links on the branches of a point�to�multipoint connection may be
underutilized because bottlenecks exist on other branches of the tree
 Resolving the consol�
idation noise versus slow transient response problem� and correctly setting the ABR source
parameters are essential for correct operation of ABR point�to�multipoint
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Notice�
This contribution has been prepared to assist the ATM Forum
 It is o�ered to the Forum
as a basis for discussion and is not a binding proposal on the part of any of the contributing
organizations
 The statements are subject to change in form and content after further study

Speci�cally� the contributors reserve the right to add to� amend or modify the statements
contained herein
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� Introduction

ATM multicast capabilities are essential for the support of numerous applications� such as
LAN emulation and IP multicasting
 UNI �
� and �
� de�ne point�to�multipoint connections�
and a number of frameworks were developed for extending point�to�point tra	c management
to point�to�multipoint scenarios


In August ����� Hunt ��� pointed out that an existence proof is necessary for a multicast
tra	c management mechanism suitable for the expected range of tra	c patterns� number
of VCs� bandwidth bottlenecks� and round trip times RTTs�
 Bursty tra	c sources� as well
as a wide potential range of RTTs from the source to the various leaves RTT di�erence
should be a couple of orders of magnitude� should be examined� but a worst case analysis
needs to be provided
 Cases to be tested include �� bursty tra	c models �� dynamic CBR
and VBR in the background on bottleneck links �� many ABR VCs� especially point�to�
multipoint VCs �� several orders of magnitude variation in the the available bandwidth at
the bottlenecks �� changes in dynamic capacity at transient periods� as well as in steady
state� and �� a large RTT ratio from the nearest to the farthest leaf ���


This contribution aims at providing a most comprehensive test of the performance of point�
to�multipoint mechanisms� including the cases proposed in ���
 Because we use simulations�
the number of leaves of a multicast connection is limited to a small number
 For a large
number of leaves� analytical techniques can be employed
 Therefore� this contribution is
limited to con�gurations with a small number of leaves


The rest of the contribution is organized as follows
 The next section brie�y explains ABR
�ow control� then a survey of tra	c management of point�to�multipoint connections is pro�
vided
 This is followed by a brief description of the point�to�multipoint ERICA switch
algorithm used in the simulations
 The main portion of the contribution is devoted to a
detailed discussion of the simulation results and their signi�cance� and a comparison to
point�to�point cases
 Finally� the main results are summarized


� ABR Flow Control

The ABR service periodically advises sources about the rate at which they should be trans�
mitting
 The switches compute the available bandwidth and divide it fairly among active
VCs
 The feedback from the switches to the sources is indicated in Resource Management
RM� cells
 The RM cells are periodically sent by the sources and turned around by the
destinations


The RM cells contain the current cell rate CCR� of the source� in addition to several �elds
that can be used by the switches to provide feedback to the sources
 One of those �elds� the
Explicit Rate ER� �eld� indicates the rate that the network can support at that time
 Each
switch on the path of the VC reduces the ER �eld to the maximum rate it can support
 The
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sources examine the returning RM cells and adjust their transmission rates


The RM cells �owing from the source to the destination are called Forward RM cells FRMs�
while those returning from the destination to the source are called backward RM cells
BRMs�
 When a source receives a BRM� it computes its allowed cell rate ACR� using
its current ACR� two of the �ags in the RM cell� and the ER �eld of the RM cell


� Survey of Previous Work on Point�to�Multipoint ABR

Flow Control

The ATM Forum tra	c management speci�cation currently provides some guidelines on
tra	c management of point�to�multipoint connections� but does not enforce nor suggest a
speci�c strategy ���
 Congestion control strategies for multipoint�to�point� and multipoint�
to�multipoint connections are still under study
 This section surveys the work that has been
done on point�to�multipoint tra	c management


The tra	c management problem for point�to�multipoint connections is an extension to traf�
�c management for unicast connections
 However� some additional problems arise in the
point�to�multipoint case
 In particular� the consolidation of feedback information from dif�
ferent leaves of the tree is necessary for point�to�multipoint connections
 This is because
of the �feedback implosion� problem feedback information provided to the sender should
not increase proportional to the number of leaves in the connection�
 Scalability becomes a
major concern


Many general frameworks have been suggested that convert any unicast congestion control
switch algorithm to work for point to multipoint connections ��� ��� ��
 In addition� several
issues pertaining to source end system parameters for point�to�multipoint connections have
been discussed ���� ��
 This section highlights the major issues in this area


��� Source Parameters

ABR source parameters were brie�y examined in ����� ��� and ���
 The main factor that
complicates the setting of these parameters for point�to�multipoint connections is the possible
existence of largely varying round trip times from the source to the di�erent receivers� and the
possible existence of a bottleneck on a distant branch
 Thus a more conservative approach
in the setting of the parameters is preferred


Point�to�multipoint connections may su�er from initial overallocation until feedback is re�
ceived from all the distant leaves
 Initial overallocation can be overcome by correct setting
of the Cells in Flight CIF� parameter and the correct calculation of the Initial Cell Rate
ICR� parameter
 In ����� a formula is proposed to calculate the optimal value of ICR� and
an approximation is proved to achieve an approximately equivalent performance
 The value
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of ICR is a function of the CIF value� the longest RTT value� and the Rate Increase Factor
RIF�


Note that if the calculation of ICR depends on the round�trip time RTT�� a problem arises�
should ICR change when nodes join or leave the group to account for the longest RTT for
all destinations� The farthest leaf�s RTT reduces ICR according to the proposed formula

What happens when that farthest leaf leaves the multicast group� ���
 The root should not
need to be noti�ed every time a leaf joins or leaves the group


In addition� low Rate Increase Factor RIF� values are used for point�to�multipoint connec�
tions to avoid transient queues in cases of distant bottlenecks that are multiple branch points
away ����


��� Consolidation of Feedback Information

One of the common goals for point�to�multipoint ABR is to ensure that all destinations
receive all cells from the source
 This requires that the source be controlled to the minimum
rate supported by all the destinations
 This is especially useful for LANE and non�real�time
data services ����


The source in a point�to�multipoint VC sends at the minimum of the rates allowed by all
the destination nodes
 The minimum rate is the technique most compatible with the typical
data requirements where no data should be lost and the network can take whatever time it
requires to deliver the data intact
 A register MER is set to min MER� ER in BRM cell�
whenever a BRM cell is received from one of the branches
 When an FRM cell is received�
it is multicast to all branches� and a BRM is sent with the MER value as the ER
 MER is
then set to the ER value in the FRM cell typically PCR�
 Thus the minimum of all the
rates supported by any branch is selected and returned to the source ���


Observe that at each switch node with N branches� an additional cycle of N cells is required
in order to accumulate the information from the branches
 Thus if a multicast tree has �
levels of branching� then the information from the lowest branches will take �N cell times
to propagate back to the source as opposed to N cell times in the point�to�point case�
 As
a result of this additional delay� the responsiveness of the multicast algorithm will be worse
than that for the point�to�point VCs
 Thus� bu�er allocations for the multicast queues will
have to be somewhat higher since it takes longer for congestion information from one branch
to reach the source
 If the multicast tra	c is small� the extra logic and bu�er memory
required is quite small and multicast ABR operation can be achieved very easily ��� ��


At the ATM forum� the consolidation algorithm was proposed to be implementation�speci�c
with the previously explained algorithm given as an example consolidation
 The source
and destination behaviors are unaltered� and the consolidation algorithm at the switches is
optional
 Sources may also need do the consolidation in that case ���


However� an additional problem may arise
 Since each BRM cell is generated from a branch
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point�to�the root when an FRM arrives� and the BRM contains the consolidated information
from the branches that provided feedback after the last BRM was sent� the BRM� in gen�
eral� does not capture feedback information from all branches
 This introduces noise called
�consolidation noise� ���


In ����� the multicast extension was applied to an ABR rate allocation algorithm� and the
results prove that the extended algorithm is e	cient and max�min fair if the point�to�point
algorithm is max�min fair
 Several variations on the previously described algorithm were
proposed in ���
 They employ other approaches to consolidate the feedback information in
the multicast tree
 Some of the new schemes are simpler to implement than the previous
proposal that required the branch point to generate a returning RM cell for every forward
RM cell� while others attempt to achieve better performance


The �rst modi�cation proposed tries to alleviate the �consolidation noise� problem
 The
early proposal su�ers from consolidation noise� where BRM generated by switch may not
consolidate feedback from all tree branches
 In fact� if a BRM generated by a switch does
not get accumulate feedback from any branch� the feedback can erroneously be given as the
peak cell rate
 A simple enhancement to avoid this problem is to maintain a �ag� and only
turn around the RM cell if a BRM has been received from a branch since the last BRM was
sent by the split point ���


Another idea reduces the complexity of the algorithm as follows
 The backward RM cells are
generated solely by the destinations and NOT by the switches� which is similar to the case
of unicast ���
 The motivation behind this modi�cation is as follows
 If switches turn around
RM cells� the implementation has a high cost and complexity
 In the previously mentioned
algorithms� the number of BRMs generated by switches per forward RM cell from the source
is proportional to the number of branch points in a multicast tree
 The new algorithm
does not generate BRMs at split points whenever FRMs are received� but simply sets a �ag
indicating the receipt of the FRM and broadcasts it to all leaves
 When a BRM is received
from a branch� it is passed back the source after using the minimum allocation�� only if the
previously mentioned �ag was set
 The �ag is then reset� as well as the MER value ���


It is natural to extend this idea to only send back the BRM when BRMs from all branches
are received
 This can be easily implemented by maintaining a separate bit for each branch
that indicates if a BRM has been received since the last BRM was sent
 Clearly this method
incurs additional complexity� compared to the previous one
 Moreover� it has to deal with the
problems of failure of one of the branches by implementing timeouts
 The four variations of
the algorithm were compared in ���
 While consolidation noise was less with the last method�
the additional complexity might not be worth the slight bene�ts� especially that the method
exhibits a slow transient response


In summary� the di�erent variations developed exhibit a tradeo� between complexity and
minimization of consolidation noise


�



� The Point�to�Multipoint ERICA Switch Algorithm

The ERICA algorithm is used in this performance study
 This section highlights the main
idea of the algorithm� and its point�to�multipoint extensions


The ERICA algorithm requires monitoring the available capacity and the current demand
on the resources
 The algorithm is applied to each output port or link�
 In this section� we
brie�y describe the algorithm
 For a complete description of the ERICA algorithm� including
pseudocode and �owcharts� see ���


��� The Original Algorithm

The switch periodically monitors the load on each link and determines a load factor� z� the
available capacity� and the number of currently active VCs


The load factor is calculated as the ratio of the measured ABR input rate at the port to the
target ABR capacity of the output link


Load Factorz��
ABR Input Rate

Target ABR Capacity

where�

Target ABR Capacity�Target Utilization� Link Bandwidth

The Input Rate is measured over an interval called the switch averaging interval
 The above
steps are executed at the end of the switch averaging interval


Target utilization is a parameter which is set to a fraction close to� but less than ����� of
the available capacity


The fair share of each VC� FairShare� is also computed as follows�

FairShare�
ABR Capacity

Number of Active Sources

The switch allows each source sending at a rate below the FairShare to rise to FairShare
every time it sends a feedback to the source
 If the source does not use all of its FairShare�
then the switch allocates the remaining capacity to the sources which can use it
 For this
purpose� the switch calculates the quantity V CShare as follows�

VCShare�
CCR

z
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Hence� V CShare aims at bringing the system to an e	cient operating point� which may not
necessarily be fair� and FairShare allocation aims at achieving fairness� possibly leading to
overload ine	cient operation�
 A combination of these two quantities is used to rapidly
reach optimal operation as follows�

ER Calculated�Max FairShare� VCShare�

The calculated ER value cannot be greater than the ABR Capacity which has been measured
earlier
 Hence� we have�

ER Calculated�Min ER Calculated� ABR Capacity�

To ensure that the bottleneck ER reaches the source� each switch computes the minimum of
the ER it has calculated and the ER value in the RM cell


��� Achieving Max�Min Fairness

To achieve max�min fairness� the basic ERICA algorithm is extended by remembering the
highest allocation given during an averaging interval and ensuring that all sources are given
this high allocation
 We add a variable MaxAllocPrevious which stores the maximum
allocation given in the previous interval


For z � � � �� where � is a small fraction� we use the basic ERICA algorithm and allocate
the source Max FairShare� VCShare�
 But� for z � � � �� we attempt to make all the rate
allocations equal� by giving the allocation Max FairShare� VCShare� MaxAllocPrevious�

This method equalizes the allocations of the VCs during underload


��� Fairshare First to Avoid Transient Overloads

The inter�RM cell time is a factor in determining the transient response time when load
conditions change
 With the basic ERICA scheme� it is possible that a source which re�
ceives feedback �rst can keep getting rate increase indications� purely because it sends more
RM cells before competing sources can receive feedback
 This results in unnecessary spikes
sudden increases� in rates and queues with the basic ERICA scheme


This problem can be alleviated by incorporating the following change to the ERICA al�
gorithm
 When the calculated ER is greater than the fair share value� and the source is
increasing from a CCR below FairShare� we limit its increase to FairShare
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��� ABR Operation with VBR and CBR in the Background

ATM links will be used by constant bit rate CBR� and variable bit rate VBR� tra	c along
with ABR tra	c
 CBR and VBR have a higher priority
 Only the capacity left unused by
VBR and CBR is allocated to ABR sources
 Hence� we need to measure the CBR and VBR
usage along with the input rate
 The ABR capacity is then calculated as follows�

Target ABR Capacity�Target Utilization� Link Bandwidth� VBR Usage� CBR Usage

��� Point�to�Multipoint ERICA

The framework proposed in ��� was used to extend ERICA for point�to�multipoint operation

The ERICA algorithm itself is employed immediately before sending a BRM
 At a branch
point� when an RM cell is to be turned around or passed� the explicit rate is calculated
by ERICA for each branch� and the minimum of all these rates� and the explicit rate �eld
stored at the switch� is indicated in the BRM cell to be sent
 The algorithm at a branch
point operates as follows


Upon the receipt of an FRM cell�

�
 Multicast this cell to all participating branches

�
 Let MXR  ER from FRM cell

�
 Let MER  min MER� ER calculated by ERICA for all branches�

�
 Return a BRM with ER  MER to the source

�
 Let MER  MXR

Upon the receipt of a BRM cell�

�
 Let MER  min MER� ER from BRM cell�

�
 Discard the BRM cell

The congestion indication CI� and no increase NI� �elds can be handled similar to the ER
�eld� but instead of the minimum operation� an OR operation is performed


As previously discussed� a number of variations of this algorithm were developed in ���
to improve the performance and reduce complexity
 The algorithm can be improved by
maintaining a �ag that denotes that a BRM cell has been received since the last BRM cell
has been sent� and then sending a new BRM only if that �ag is set
 A further improvement
involves maintaining a similar �ag for each branch and only turning around the RM cell if
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BRM cells have been received from all branches
 In addition� the complexity of the branch
point algorithm can be reduced by avoiding turning around the RM cells� and simply passing
one of the BRMs returned by the destinations
 These variations were explained in the survey
section


� Performance Analysis Objectives and Metrics

Point�to�multipoint ERICA has been tested for a variety of networking con�gurations using
several performance metrics
 Its performance in the presence of various background tra	c
patterns and various source models has also been examined
 We present simulation results
for several con�gurations� which have been speci�cally selected to demonstrate particular
aspects of the scheme
 We prefer to use simple con�gurations when applicable because they
are more instructive in �nding problems ���
 Note that a very large number of con�gurations
was simulated� but only the more interesting subset is presented here


The results are presented in the form of four graphs for each con�guration�

� a� Graph of allowed cell rate ACR� in Mbps over time for each source

� b� Graph of ABR queue lengths in cells over time at each switch

� c� Graph of link utilization as a percentage� over time for each link

� d� Graph of number of cells received at the destination over time for each destination

Finally� each �gure also includes a schematic description of the con�guration simulated


We examine the e	ciency� fairness� transient and steady state performance of the scheme�
and its adaptation to variable capacity and various source tra	c models
 The experiments
are also selected such that they have varying round trip times� feedback delays and number
of connections
 We also examine the consolidation noise


� Performance Results

This section discusses the simulation con�gurations� parameters and results


��� Parameter Settings

Throughout our experiments� the following parameter values are used�

�
 All links have a bandwidth of ���
�� Mbps
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�
 Except where indicated� all LAN links are � km and all WAN links are ���� kms


�
 All point�to�multipoint tra	c �ows from the root to the leaves of the tree
 No traf�
�c �ows from the leaves to the root� except for RM cells
 All other VCs are also
unidirectional


�
 Except for the experiments that aim at examining the e�ect of the source parameter
Rate Increase Factor RIF�� RIF is set to one� to allow immediate use of the full explicit
rate indicated in the returning RM cells at the source
 ICR is also set to very high
values almost PCR� in most experiments


�
 The source parameter Transient Bu�er Exposure TBE� is set to large values to pre�
vent rate decreases due to the triggering of the source open�loop congestion control
mechanism
 This was done to isolate the rate reductions due to the switch congestion
control from the rate reductions due to TBE


�
 The switch target utilization parameter was set at ��� for LAN simulations and at
��� for WAN simulations


�
 The switch averaging interval was set to the minimum of the time to receive �� cells
and � ms for LAN simulations� and to the minimum of the time to receive ��� cells
and � ms for WAN simulations


�
 All sources are deterministic� i
e
� their start�stop times and their transmission rates
are known
 The bursty tra	c sources send data in bursts� where each burst starts after
a request has been received from the client


�
 In WAN cases� VBR sources are on for �� ms and o� for �� ms� and in LAN cases
the on�o� period is � ms
 Experiments were also conducted with self�similar VBR
background� but the performance did not illustrate any new results


��
 Simulation time is �� ms from LAN simulations and ��� ms for WAN simulations

Some WAN simulations were run for ��� ms to allow the system enough time to reach
steady state


��� Simulations Results and Analysis

This section explains the results obtained
 It proceeds from the simpler con�gurations to
the more complex ones


� Con�guration � �One source and � destinations�� This is a LAN con�guration all links
are � km�
 One source is sending to two destinations with same RTT �gure �e��

As seen in �gure �� the source ACR is close to PCR� the queues are small� the link is
optimally utilized and the throughput is high
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� Con�guration � �Two source�� This is also a LAN con�guration
 Two sources are
each sending to two destinations with same RTT �gure �e��
 As seen in �gure ��
initially there are small queues because of the high ICR ICR  ��� Mbps�� but the
queues quickly drain
 Max�min fairness is seen from the rate graph� and utilization
and throughput are high


� Con�guration �b �Transient�� This is the same as con�guration � �gure �e��� with
two di�erences
 First� it is a WAN con�guration� and second� one of the sources is a
transient source
 The transient source comes on after about one third of the simulation
time� stays on for about a third� and then goes away
 Figure � shows the large transient
queue till source � drops in steps when it detects the presence of source �
 There is a
drop in utilization when source � goes away� until source � detects that
 However� the
transient response of the scheme is not too slow


� Con�guration � �Parking lot�� Here one source is sending to three destinations with
di�erent RTTs �gure �e��
 The con�guration is a LAN con�guration
 As seen in
�gure �� the ACR is close to PCR� queues are small� and utilization and throughput
are high


� Con�guration �b �Parking lot�� This con�guration is identical to the previous one
�gure �e�� but it is a WAN
 Figure � shows that the queues are extremely small� the
utilization and throughput are high� and the ACR close to PCR after an initial delay


� Con�guration � �Parking lot and point�to�point�� This con�guration is identical to
con�guration �� except that there is a unicast VC sharing a branch of the multicast
tree� as shown in �gure �e�
 The VC does not share any portion of the path from the
source to one of the destinations dS��
 As seen in �gure �� the bandwidth is equally
divided among the two sources� and max�min fairness is preserved
 The initial queues
are caused by the high ICR setting


� Con�guration �b �Parking lot and transient�� This is the same as con�guration � �gure
�e��� but the unicast connection is transient
 A transient queue builds up when the
point�to�point connection starts see �gure ��� but the response of the scheme is fast

The response is also fast when the transient connection terminates
 Utilization is high


� Con�guration � �Parking lot and point�to�point with long feedback delay�� This is an
interesting con�guration
 The con�guration is same as con�guration � �gure �e���
but link � is much longer ���� km� than the others �� km�
 Figure � illustrates that
ACR drops in steps to the correct value
 There are some slight oscillations seen in
the rate graph
 Queues are bounded� and utilization of the bottleneck link is high

The step e�ect is due to the interaction of the consolidation noise with the ERICA
algorithm


� Con�guration � �Parking lot and point�to�point with highly varying RTTs�� This is
also the same as con�guration � �gure �e��� but here link � is much longer ���� km�
than the others �� km�
 As seen in �gure �� ACR drops to the correct value
 Queues
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�e� Parking lot con�guration

Figure �� Results for a parking lot con�guration in a WAN
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�e� Parking lot and point�to�point con�guration

Figure �� Results for a parking lot and point�to�point con�guration in a LAN
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�e� Parking lot and point�to�point con�guration

Figure �� Results for a parking lot and transient point�to�point con�guration in a LAN
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�e� Parking lot and point�to�point con�guration

Figure �� Results for a parking lot and point�to�point con�guration in a WAN long feedback
delay�
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are controlled� and little rate oscillations are observed
 Compared to the previous
con�guration� it is clear that point�to�multipoint connections responded better here
because the bottleneck is not distant


� Con�guration � �Parking lot and VBR point�to�point con�guration�� As illustrated in
�gure ��e�� this con�guration is the same as con�guration � with all � km links� but
the unicast VC is VBR
 As seen in �gure ��� the transient response is fast� and the
queues are controlled
 The �rst link is underutilized because the source cannot send
at a high rate when VBR is on


� Con�guration � �Parking lot and � VBR�� This is a WAN con�guration where all links
are ���� km
 It is similar to con�guration �� but there is an additional unicast VBR
VC sharing another portion of the path� as shown in �gure ��e�
 The two VBR VCs
do not share any links and are set up such that when one is on� the other is o� one of
them starts after � ms and the other starts after �� ms� and both have a �� ms on�o�
period�


The following values of ICR and RIF were used�
RIF  �� �
�����
ICR  �� Mbps� ��� Mbps

As seen in �gures �� through ��� the utilizations of the links are low when the VBR
connection on that link is o�
 This is the disadvantage of taking the minimum of the
rates indicated by all the leaves of the multicast tree
 If data applications can tolerate
loss �such as stock market updates�� better utilizations can be achieved by using more
clever techniques�

For all values of RIF and ICR� we can see the low utilization when VBR is o�� and the
controlled queues
 The e�ect of RIF and ICR is very clear in the rate graph and in
the throughput values
 Small values of ICR are better to prevent overallocation till all
feedback information is consolidated� However� a small RIF value can adversely a�ect
the throughput and link utilization for schemes such as ERICA


� Con�guration � �Parking lot and � VBR with long feedback delay�� This con�guration
is identical to the previous con�guration using high ICR and high RIF�� but link � is
much longer ���� km� than the others �� km�
 Thus the feedback delay is long when
the second VBR is on see �gure ��e��
 Figure �� illustrates the performance in this
con�guration
 As seen in the �gures� the high ICR and RIF values� together with the
long feedback delay lead to large queues� especially initially
 This is because VBR is
not detected fast enough and ACR does not go down fast enough when VBR is on


� Con�guration �� �Parking lot and � VBR with largely varying RTTs�� This con�gura�
tion is identical to con�guration � with high ICR and high RIF�� but link � is much
longer ���� km� than the others �� km�
 Thus the RTT ratios are highly variant
see �gure ��e��
 Figure �� illustrates that queues are much smaller than the previous
case� but utilization and throughput are also lower
 There are small queue and rate
spikes when the VBR source is not detected yet
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Figure �� Results for a parking lot and point�to�point con�guration in a WAN largely
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Figure ��� Results for a parking lot and � VBR con�guration in a WAN high ICR� low
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Figure ��� Results for a parking lot and � VBR con�guration in a WAN largely varying
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� Con�guration �� �Bursty and in�nite parking lot�� This con�guration is similar to the
parking lot con�guration con�guration ��� except that the network is a WAN� and
there are � tra	c sources and six destinations� as illustrated in �gure ��e�
 One of
the tra	c source is bursty
 It follows a closed�loop request�response type of connection
with burst sizes of �K
 The other source� the in�nite tra	c source� shares link � and
link � with the bursty source


As seen in �gure ��� the in�nite source rate drops in steps when bursty source sends

Due to the high ICR and the time it takes the in�nite source to detect that the bursty
source is sending� in addition to the lack timing accuracy of the large bursts with
the feedback� queues are quite large and the link is almost always fully utilized
 This
con�guration has the same problems with point�to�point connections� so the problems
have simply carried over to the point�to�multipoint connections
 ERICA� solves those
problems


� Con�guration �� �Bursty and in�nite parking lot with VBR�� As shown in �gure ��e��
this con�guration is similar to the previous one� but� in addition� a VBR connection
shares link � with the bursty and in�nite sources
 Figure �� illustrates that the perfor�
mance is adversely a�ected by variation in both capacity and demand� but the problems
are the same for point�to�point connections
 Large queues build up


� Con�guration �� �Bursty and in�nite parking lot with VBR and long feedback delay��
This is identical to the previous con�guration �gure ��e��� but link � is much longer
���� km� than the others �� km�� and hence the feedback delay is large
 As illustrated
in �gure ��� the long feedback delay yields larger queues


� Con�guration �� �Bursty and in�nite parking lot with VBR and largely varying RTTs��
This con�guration is also the same as con�guration �� �gure ��e��� but link � is much
longer ���� km� than the others �� km�
 The di�erence in RTTs of various branches
also adversly a�ects the performance and yields larger queues� as shown in �gure ��

As mentioned before� these problems are the same in point�to�point connections and
are solved by switch schemes such as ERICA�


� Con�guation �� �Chain con�guration�� As seen in �gure ��e�� this con�guration con�
sists of � switches a much more complex version of this con�guration appears in ����

The point�to�multipoint connection has � destinations at di�erent RTTs at each of
the � distant switches�
 Destination � is the most distant destination
 A unicast con�
nection shares the link only with the connection to the last leaf
 All links are �� km�
except link connecting second and third switches is ��� km and link connecting third
and fourth switches is ���� km


This is an excellent con�guration to illustrate the consolidation noise problem because
feedback from the distant leaves is unlikely to reach branch points at every iteration

Figure �� illustrates that the rate and utilization oscillations due to the RM consolida�
tion noise
 The rate oscillates from PCR �when no feedback from the most distant leaf
arrives� to PCR�	 �when feedback from that leaf is received�� It is debatable whether
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Figure ��� Results for a bursty and in�nite parking lot con�guration in a WAN
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Figure ��� Results for a bursty and in�nite parking lot con�guration with a VBR connection
in a WAN
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Figure ��� Results for a bursty and in�nite parking lot con�guration and a VBR connection
in a WAN largely varying RTTs�



modifying the algorithm to give feedback only when all branches have sent their feed�
back is worth the additional complexity incurred


� Con�guration �� �Fork con�guration�� This con�guration also consists of � switches a
much more complex version of this con�guration appears in ����
 There are � multicast
connections as shown in �gure ��e�
 Each of the multicast connections has a source
connected at one of the � intermediate switches
 The � destinations are connected at
each of the other � switches the connection forks at the �rst switch� and hence� the
name of the con�guration� fork�
 All links are ���� km


Figure �� illustrates the performance of the fork con�guration
 There are some initial
queues due to the high ICR� but the queues quickly become very small when both
sources detect the bottleneck links and send at the optimal rates
 The bottleneck links
are fully utilized� while other links are half utilized
 Fairness among the connections is
preserved


��� Comparison with Multiple Point�to�Point Connections

To compare a point�to�multipoint con�guration with a similar point�to�point con�guration�
con�guration � with high ICR and high RIF values �gure ��� was selected as the multipoint
con�guration to use in the comparison
 Two possibilities exist to correspond to the mutlicast
parking lot connection� we can have three sources sending to three destinations� or one source
sending to one destination
 Figures �� and �� illustrate the results for both con�gurations


Figure �� shows the performance of with three ABR unicast connections in a modi�ed
upstream con�guration with VBR connections�
 The con�guration is illustrated in �gure
��e�
 Clearly the huge initial queues are caused by the high ICR value
 In addition� there
is slight overallocation when VBR is on
 Destination � is una�ected by one of the VBR
connections� because it does not share the link with the second VBR source
 Running this
simulation for ��� ms shows that queue only stabilizes after ��� ms
 Note that the number of
cells received is comparable to the multicast scenario� but the number of cells sent is triple


In a one source equivalent see �gure ��e��� the load is alleviated
 As seen in �gure ���
the high ICR does not cause problems since there is only one source
 It is actually this
con�guration that is more comparable to the multicast counterpart
 The performance su�ers
from the link underutilization problem when VBR is on in another portion of the path� and
slight overallocation when VBR is on


� Summary and Discussion

Table � summarizes the main results
 The �rst column of the table shows the con�guration
number as given in the last section
 The second column gives the maximum queue length of
any of the switches
 When that number is high only because of high ICR values� the steady

��
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Figure ��� Results for a one source con�guration and � VBR connections in a WAN
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state maximum queue length is given
 The third column gives the average link utilization
for the bottleneck link throughout the simulation period
 Finally� the last column shows the
cells received at the destination� indicating the throughput achieved


Table �� Summary of Simulation Results

Con�guration Maximum Queue cells� Average Utilization Cells Received
� � �� �����
� �� �� �����
�b ���� �� �����
� � �� �����
�b � �� �����
� �� ��� �����other
�b �� �� �����other
� ���� �� ������other
� ���� �� ������other
� �� �� �����VBR
�� low ICR� low RIF �� �� �����VBR
�� low ICR� high RIF ��� �� ������VBR
�� high ICR� low RIF �� �� ������VBR
�� high ICR� high RIF ��� �� ������VBR
unicast � source ���� �� ����� each �VBR
unicast � source ��� �� ������VBR
� ���� �� ������VBR
�� ��� �� �����VBR
�� ���� �� �����������
�� ���� �� ������������VBR
�� ����� �� ������������VBR
�� ����� �� ������������VBR
�� ����� �� �����
�� �� �� ����� each

The main conclusions that can be drawn from this performance analysis include�

� The de�nition of max�min fairness for point�to�multipoint connections is an extension
of the de�nition for point�to�point connections

� Switch algorithm extension frameworks proposed for point�to�multipoint congestion
control preserve the e	ciency and fairness properties of the original point�to�point
switch scheme employed in the framework
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� All problems with a point�to�point scheme re�appear and maybe accentuated� in the
point�to�multipoint extension of this scheme

� The major problem speci�c to point�to�multipoint connections is the consolidation
noise problem� which is clearly seen in many con�gurations
 This problem occurs
when there are distant bottlenecks� and feedback from those bottlenecks is not always
received in a timely fashion� when the RM cells need to be returned by the branching
point
 Alleviating the consolidation noise problem by ensuring feedback is received
from all leaves� may create additional problems� such as slow transient response and
additional complexity

� Point�to�multipoint connections may su�er from a slow response to distant bottlenecks

The source relies on partial feedback information from a subset of the branches� and
hence may overload the network

� Many links on the branches of a point�to�multipoint connection may be underutilized
because bottlenecks exist on other branches of the tree

� Transient queues can be avoided by setting the RIF ABR source parameter to a small
value
 Although conservative values are advisable for point�to�multipoint connections
where feedback response from distant bottlenecks is not always available�� such small
values have the adverse e�ect of slowing the rise to the optimal value

� Initial rate overallocation before feedback is received from all bottlenecks can be over�
come by setting the ICR parameter to small values� but if ICR depends on the RTT�
should it change when nodes join�leave the group�
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