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ABSTRACT While there are many multicast flow control algorithm proposals,

] ) ] there has been relatively little discussion of how pruning of slow
Multicast flow (congestion) control establishes a data rate for a members works. In this paper, we examine various pruning

multicast session based on prevailing bandwidth availability given algorithms in a general light so that the concepts can be applied to
other network tre_lfflc. Th_|s rate is dictated by the sender’s path 10 yitferent flow control scenarios.

the slowest receiver. This level of performance, however, may not

be in the best interest for the multicast group as a whole. A

pruning algorithm is then used to identify and remove some slow

members so that the performance is acceptable for the whole2. RELATED WORK

group. This paper discusses the conceptual issues with pruningln multicast routing protocols, a common technique to maintain a
and proposes practical algorithms for pruning. The crux of the multicast tree idlood-and-prune, which is used in the Distance
problem is to achieve a balance between speed and accuracyector Multicast Routing Protocol [20]in this context, the
because increased accuracy tends to require monitoring for dnterior node (router) sends data down all links (except the
longer time and using more global information. We evaluate and incoming link) as if it were broadcast data. If a downstream node
compare different strategies using both simulation and does not need the data, it sends a prune message back to remove

measurement of real implementations. itself from the distribution tree. This algorithm is loosely related
to our work in the sense that flood-and-prune maintains a
General Terms distribution tree, whereas our algorithms maintain a distribution

Algorithms, Performance, Reliability, Experimentation. tree operating at a certain data rate (or rate range).

One elegant approach to deal with multicast receivers with
K eywords different receive rates is @posed in the context of audio/video
Multicast, group utility, flow control, pruning, performance. mult?cast applications. In this case, th_e data can be epcode_d as
multiple layers. The base layer provides the information with
minimally acceptable fidelity, and each additional layer provides
improvements to the fidelity. The source multicasts the different
1. INTRODUCTION layers using different multicast addresses simultaneously. The
A multicast flow may have many receivers. The job of the receivers adaptively determine the number of layers they receive
multicast flow control algorithm is to find the suitable rate for the based on their receive rates. The receiver adaptation (deciding
slowest receiver, and use that as the transmission rate for th&vhether to join a particular layer) is related to the pruning
whole multicast group. algorithms that we discuss later on in this paper. This idea and

variations of it have been published in many papers, among them

As the multicast group becqmes larger and more heterogeneous[,lg] and [16]. The problem discussed in this paper, however, is
the rate for the slowest receiver may prove to be too slow for thegoy 5 single layer multicast flow. Therefore, the service delivered

benefit of the whole group. In such scenarios, it is appropriate 0ty each member is binary: eithgruned (no service) ornot
prune the slowest members from the multicast group so that thepruned (full service).

resulting multicast flow can operate at a satisfactory rate.
The pruning (they used the term “discarding”) of slow receivers
problem is briefly discussed in [4] and [18], as one of three
problems associated with multicast congestion control. While the
papers surveyed many studies and proposals for multicast flow
and congestion control, the discussion on the pruning problem is
very brief.

In [15], the pruning (they used the term “ejecting”) of slow
receivers is studied in the context of the FRM (Fully Reliable
Multicast) algorithm. Some of the techniques of selecting slow

1 A reviewer pointed us to [15].



receiversin [15] are similar to what are reported in this paper, but
the discussion is very brief and does not cover many of the issues
when integrating with areal protocol.

The work reported in [9], [11] and [10] is aso related to our
problem at hand.? Jiang et a developed a notion of inter-receiver
fairness (IRF), to reflect the receivers’ collective utility function.
Based on this IRF, the receivers are then divided into several
groups, each covering a different range of receive rates. The
slowest group can be considered as the groupogfivers pruned
from the session. The sender then replicates its transmission int

one stream per subgroup (except the pruned group). The data rat

for each subgrup is determined using the IRF function as well.

Although we are trying to address the same issue, our approach i
quite different from that proposed by Jiang et al. We summarize
the differences here:

1. First we show that the receiver utility function can take a
more general form than the proposed IRF (a weighted sum of
each receiver's utility); on the other hand, we also believe it
is only practical to use a very simple criterion for pruning (by
setting a minimum data rate). The assumption in JAZ that
the receiver rates can be measured applies only to ATM
networks and not to the Internet. This means applying the
IRF dynamically (to divide receivers into subgps and
determine the subgroup rates) is not practical for the Internet.

Secondly, we are not convinced replicating the multicast
stream into multiple (simultaneous) streams is necessarily a
good idea as it increases the bandwidth consumption. If
receivers were divided into multiple ayps, then a multi-
layered approach would be more attractive.

Thirdly, the use of an IRF-determined rate rather than the
rate of the slowest member of a subgroup is not TCP-
friendly. This deviation from TCP-friendliness should be

quantifiable, hence is not necessarily a big problem.

When we present our results, some of these points will be
revisited in more detail.

Finally, in the context of some studies of the economics of sharing
multicast costs ([8], [14]), one possible result is to not forward

multicast data along certain multicast links when the cost exceeds

the utility to the downstream receivers. This is conceptually
similar to our idea of pruning. This body of work is more focused
on the economics and computational complexity aspects of a

(0]

each receiver k, let R, denote the best-effort available bandwidth

for the multicast flow to reach that receiver. We refer to R, as the

receive ratefor receiver k. Without pruning, the multicast flow
control agorithm should result in adopting a group data
transmission rate Ry, such that

RM = minkDM Rk

és a result of applying pruning, the flow control may potentially
Operate at a higher data transmission rate Rs where S denotes a

subset of M, and consists of receiversthat are left after pruning.

§Vhen the group datarateis R, let U(R) denote the utility function

for receiver k, and let UgR) denote the utility function for the
subgroup S (remaining after pruning). The pruning decision is the
selection of a subset Sso as to maximize the group utility:

max gy, (U (Rs) + ;UARS)H
L K L

The subgroup utility function captures the importance of having a
particular subgroup remain in the multicast session. Consider the
analogy with scheduling a meeting. Often the criterion is given as
follows: it must include individuals A, B and C; it is desirable to
have D and E attend; and F, G and H should be invited but their
attendance is not important. If the meeting is carried out using
multicast, then the above criterion can be captured using a
suitable set of subgroup utility functions. This aspect of
receivers’ utility is not covered by the Inter-Receiver Fairness
function proposed by [9], [11], and [10].

Let us consider a numerical example.
functions are defined as:

Suppose the utility

U (R)=0
U (R =0 if R <R
1 .

seemingly related problem, whereas our work addresses the

practical and engineering aspects of pruning as it relates to flow
control and as it is implemented in multicast protocols.

3. GROUPUTILITY AND PRUNING

3.1 Discussion of Group Utility Function
Let there be one sendeandn receivers in the multicast aup,
and letM = {1, 2..., r} denote the receiver set. From the sender to

2 We came across the papers [9], [11], and [10] after we started
our studies, through reviewers of our work.

% The multi-sender problem can be considerably more

complicated, depending on how the multiple senders share the
multicast distribution tree. For simplicity, we assume the N

This means that there is no special utility for any subgi®up

not being pruned; each receiver’s utility is such that if the sending
rate exceeds its receiving rate, then the utility is zero, but
otherwise the utility increases as the sending rate approaches the
receiver’s rate.

Given this utility function, ifM = {1, 2, 3, 4} and the receiver
ratesR,, k=(1,2,3,4) are {4, 3, 2, 1}, then the best thing to do is to
not prune any receivers and operate augrrateRy=1. On the
other hand, if the receiver rates are {2, 2, 2, 1}, then the best thing
to do is to prune the fourth member and operate at group rate

Ri123= 2.

sender problem is the same as N single sender problems and do
not address the N sender problem in this paper.



Basing pruning decisions on optimizing the group utility is called flows. Note, if a data rate based on a general function of receive

optimal pruning. In our view, this is mostly a theoretical rates is used, it may not be TCP-friendly. This is simply because
perspective of the problem. The work in [9], [11] and [10] the general function of multicast group membeegeive rates

proposes a utility function called inter-receiver fairness for the does not take into consideration of the rates of other TCP flows.
purpose of grouping receivers into multiple subgroups and In this sense, the IRF as discussed in [11] is not TCP-friendly in
delivering different services to them. In the extreme case, there this strict sense. In [10], the IRF is expanded to include TCP

would be two subgroups — one with full service and the other with flows sharing the network with the multicast flow; but their
no service, which corresponds to our pruning problem. This is ansolution is not practical, as it requires knowledge of the rates for
admirable attempt at the complex problem of optimal grouping the TCP flows. By simply adopting the receive rate of the slowest
and pruning. The suitability of the proposed metric, we feel is receiver (above the pruning rate), we have separated the pruning
subject to debate. It is a weighted sum of each receiver’s utility, decision from the flow control decision, and left to the flow
thus allowing particular receivers to be considered more control algorithm to ensure TCP-friendliness.

important; it does not, however, capture the utility of any
particular subgroup ofeceivers, as allowed by the general utility
function above. The inter-receiver fairness function also requires
measuring (or estimating) the group size aath receiver's
receive rate. The accurate and timely measurement of these
parameters on a continuing basis could be difficult.

In the rest of the paper, we will discuss the practical aspects of
implementing this simple pruning criterion in a reliable multicast
transport protocol.

4. PRUNING ALGORITHMS

4.1 Pruning and Its Relationshipsto Multicast

Transport Protocols
In section 3, we discussed pruning in abstract terms, and proposed

3.2 A Practical and TCP-friendly Criterion

for Pruning
For practical purposes, a much simpler form of pruning criterion

suffices in many situations. A pruning data ra®yue IS - | h - > |
configured. Any receivek whose rateR, is less therRyue is pruning receivers that naot leceive at a session-defined pruning
subject to pruning. This criterion is equivalent to some reasonabled@t@ rate. The implementation of this criterion can be very
utility functions, for example: straightforward or moderately complicated depending on the goal
' of the underlying transport protocol of which pruning is a part.

Several cases are listed below:

UK(R):O If R< Rprune 1) In one extreme, if the transport is semi-reliable and the
— ; session does not have any sense of its membership (e.g. [5]),
= > . -

UK(R) 0 ifR R< then pruning can be totally the responsibility of the

Uk(R) =1 if Rp gRgFi individual receivers. Each receiver monitors its ability to

rune receive at the prevailing session data raggordiscovering

US(R) =0 if R# Rs that the data rate is too high, the receiver leaves the multicast

. group voluntarily. This voluntary departure implements

Us(R=1 if R=R; pruning.

2) Alternatively, the transport protocol may be assisted by
In other words, there is no utility to a receiver when the rate of routers based on the Generic Router-Assist framework as in

transmission is either below the pruning rate, or higher than the ~ [3]; [17]. In this case, the routers can help accurately identify
rate that a receiver is capable of receiving. Furthermore, there is ~ Which links are too slow and prune all the receivers behind

no marginal utility in addition to the constant (=1) utility of being those links.

able to keep up with the transmission. The subgroup utility 3) In another class of protocols, the session keeps track of its
function makes sure that the (unpruned) subgupceives at receiver membership and provides reliability service and
the subgroup rat&s, rather than a rate betweBgandRy e flow control based on the response of all its members. Some

examples of this protocol are RMTP [13] and TRAM [2]. In
this case, each receiver hasanitor that keeps some state
about the eceiver. When a receiver is pruned (or leaves a
group), its monitor must be aware of the event. This
departure relieves the session from certain reliability services
and the responsibility of the flow control teact to this
receiver. There is more to pruning in this case; minimally, it
involves both the receiver to be pruned as well as its monitor.

This pruning criterion affords us some important simplifications
to the problem. Specifically, it is not necessary to measure each
receiver’s receive ratg, which, due to its dynamic nature may be
hard to measure accurately. Instead, it is only necessary to know
which receiver’s rate is less than the pruning Rytg, at the time
pruning is deemed necessary. This latter condition, while still
tricky to determine, can usually be established based on various
flow control information already available.

4) Finally, the addition of repair traffic can complicate the
identification of slow receivers to be pruned. A slow receiver
that cannot keep up with the minimum session data rate is
likely to cause packet losses and retransmissions.
Unfortunately the retransmission traffic can cause more
packet losses. Depending on the topology and strategy for
doing repairs (particularly in those protocols in (3)), the

Another important consideration is TCP-friendliness. By
establishing a pruning rate and letting the slowest receiver above
the pruning rate dictate the group rate and discarding the rest of
the receivers whose rates are below the pruning rate, the multicast
group attempts to co-exist with TCP traffic fairly. See [1] for a
more detailed discussion of fairness between unicast and multicast



retransmission traffic may affect some receivers more than
others, creating complicated scenarios for identifying the
receivers that truly deserve getting pruned.

In this paper, we study mostly case (3). We discuss and show
some initia results for case (4) in Section 6. For other protocols
(such as (1) and (2)), although the measurement techniques may
be different, the general concepts we develop still apply.

For protocols in (3), the receivers are often organized into a
(repair) tree for scalability. We first describe some basic operating
assumptions about the repair tree and how it is used for pruning.
Each interior node of the tree is a repair head that provides
retransmission when requested. There are regular (or periodic)
communications between the receivers and the repair heads. The
receivers send one ACK (acknowledgement) packet for every W
data packets received.* The repair heads, in turn, send ACKs to
their parents on the same regular basis. These ACK packets
provide a feedback channel from the receivers to their repair
heads and to the sender. For example, some information about
the minimum receive rate can be passed up the tree using the
ACK packets, with the repair heads aggregating that information
along the way.

Each repair head maintains a buffer (also called cache) of data
packets potentially needing retransmission. When all children of
the repair head have acknowledged up to a particular sequence
number, all packets older than and including that sequence
number can be removed from the cache. We refer to this as
advancing the cache. If the acknowledgement window is W
(packets), under normal operating conditions the repair head
needs to be able to buffer at least W packets, typically more.

In order to support potential late-joiners, the repair head can
optionally delay removing those packets that have been
acknowledged by all its children, as long as the cache occupancy
has not reached a threshold that is dangerously close to the
maximum limit. This threshold is normally several times of W.

Pruning is performed normally by a repair head sending a
message to a child receiver to disown that receiver. A receiver
may also resign; in some protocols where the state is kept at the
receiver, the receiver resignation constitutes pruning. In our study
below, no receiver resigns. A third scenario we do consider is
when a receiver departs ungracefully (crashes). In this situation,
its repair head relies on a timer, and a probe (hello) message to
ascertain the receiver is no longer responding, and therefore
removes the crashed receiver fromits|list of children.

The multicast sender includes dynamic session information in the
header of a regular DATA packet to help repair heads decide
when to prune. Specifically, the header can contain a pruning flag
that indicates the sender suggests pruning.®

In our studies, we considered basically two pruning algorithms,
which differ in whether primarily local or globa information is
used to decide when and whom to prune:

4 This is the normal case. When there are many losses, or when a
long time elapses between successive data packets, the receivers
may send additional ACKs.

® The pruning flag can aso be set in any other control packet that
ismulticast to all the receiversin the session.

A. Local pruning algorithm: Each repair head makes pruning
decisions based on localy available information and
conditions. Thisincludes:

e cache occupancy information, and which member
caused the oldest packet in the cache;

e sender current rate (which could be passed down in the
DATA packet header by the sender);

. loss rate for each member;

e Whether areceiver has sent an ACK in the last timeout
period and/or responded to the probe message.

B. Global pruning algorithm: Information about receiver rates
(absolute or relative) is collected at each receiver. This
information is then aggregated by the repair heads of the tree
and propagated towards the sender. The sender determines
when it is time to prune, and propagates a pruning signal and
some information that helps identify the slowest receiver(s)
to help the repair heads determine which receivers to prune.
The sender does not necessarily know about al receivers, but
only some characteristic that corresponds to the slowest
receiver. Based on this characteristic, each repair head can
then determine if one of its children should be pruned.

The development of the global pruning algorithms is mostly
motivated by the reasons described in (4); in other words, to help
more accurately identify slow receivers in the face of repair
traffic.

We describe these algorithms (and their variations) in more detail
in the subsequent sections.

Finally, it should be clarified again that the sending rate is
dynamically controlled by a flow and congestion control
mechanism built into the transport protocol. Many such control
schemes have been proposed or discussed else where (such as [6]
and [7]), and it is not the main subject of this paper. The pruning
algorithm does not set the sending rate; the pruning algorithm
only comes into effect when the sending rate (established by flow
control) is consistently under the pruning rate.

4.2 TheLocal Pruning Algorithm
In the local pruning agorithm, the pruning decision is
decentralized. The pruning criteria are based on localy available
state information. We describe several pruning criteria below.
These following pruning criteria are complementary, and can be
put together to form the local pruning algorithm.

4.2.1 Pruning based on cache occupancy

The first pruning criterion is indicated when the cache occupancy
reaches a threshold and yet no packet can be removed from the
cache (because some children have not acknowledged the packets
in the cache). The child receivers that are holding up the cache
advance are pruned. Thisis a minimalist pruning criterion, in part
because there is no calculation of receive rates or any other state
information, and in part because the repair head is forced to start
pruning (else there is no place to put the newly arriving DATA
packets).

Although there is no guarantee that this local pruning condition
coincides with the stated pruning criterion that the pruned
member cannot keep up with the pruning rate, it is most likely that
is the case. Keeping a receiver that ought to be pruned (based on



its low receive rate) will eventually cause the repair head’s cachereceivers is the list of those that still suffer from packet losses
to fill up anyway® when the sender is sending at the minimum data rate. The receive-

. . rate ranking of these receivers is simply the inverse of their
Intuitively, we can see that pruning based on the cache state ougmanking acgording to their loss rates p\);VhiIe this hodt of

to work, is efficient and simple, but probably suffers from being identifying and ranking slow receivers is quite simple, it is only

too conservative and hence slow in performance. statistical since there is some randomness in the correlation of
Note, however, when used in conjunction with a window-based packet losses to the deviation of a receiver's rate from the
flow control algorithm which sometimes allows the congestion minimum data rate. For this reason, we continuously compute a
window to determine the effective sending rate, taishe state ~ receiver loss rate over many ngiows of packets, and apply
based pruning criterion may not work. In a window-based flow €exponential smoothing to the computation. Either deziver or
control algorithm (for example, see [6] or [12]), the congestion its repair head can perform this computation since they both have
window prevents the flow's losses from growing beyond a level the required information.

controlled by the maximum window size. Besides, the slow Using this pruning criterion, the repair head prunes those

receiver would cause the congestiomaaw to shrink and, as a .__receivers when their loss rate exceeds a threshold and at the same

result,. reduce thg effectwg sender rate to b.e below th? prun',ngtime the sender is sending at the minimum data rate. This pruning
rate without pruning occurring. In this scenario, the repair head S criterion directly meets the requirement of removing those

C?‘Che thr.esh.old has to be small in comparison to the Congesnor?eceivers that emot receive at the minimum data rate.
window size in order for pruning to occur.

The effectiveness of this pruning criterion depends on the setting4-2-3 Pruning based on timeouts

the threshold to a level commensurate with the acknowledgementn addition to the above pruning criteria, the repair head needs to
and congestion window. Each repair head comparehighest monitor and detect the situation when a member leaves without
consecutively received (HCR) sequence number for all its notice (for example the program crashed for some reason). This is
members. The threshold is applied against the distance betweed special case of pruning — the receiveprigned (by virtue of

two HCR values for two different members. departing) first and then the repair head must learn this reality as
quickly as possible so that the departed receiver does not impact
4.2.2 Pruning based on locally observed loss rate the performance of the rest of the multicast group.

Since the goal is to prune any receiver whose receive rate is belovys\

the minimum data rate, it is natural to try to measure the rate fOrrepair head sets a timer and starts probing the receiver for an ACK

each (rjecglvera andtrtljse thzt tf) detletrmlntetlf a re_cei_\mlld;hbe using repair group management messages. Ifabeiver fails to
pruned. based on the senders muiticas ransm|s§|ons, _Oweverrespond within a numbemj of probes, the receiver is considered
the receivers are basically all measuring the sender’s sending rate

pruned. This process takes

s soon as aeceiver missed sending a regular ACK message, its

One metric that does distinguish the slow receivers from the fast
ones is the packet loss rate. The fast receivers tend to have zero or

: : ; MURTT.
very low loss rate, while the slow receivers will on average have '
higher loss rates the slower the receiver is.

In [11], there is a discussion of how receive rates (referred to aswhere RTT, is the round-trip time from the repair head to the
isolated rates) are measured. It can be summarized by th&leparted receiver. Thisound-trip time can be measured also
following formula: using the same repair group management messages. Due to the
potential large variation in round-trip times, the measurement is
exponentially smoothed and often a configured lower bound is
applied.

4.3 The Global Pruning Algorithm

In a multicast setting, it is not clear what thpple effect of a
Herery is the estimated rate for the receiverkis the sender’s slow receiver is on other receivers. For example, the additional
rate; py is the loss rate for receiver k, apg is a constant loss  repair traffic (often via multicast) and control traffic induced by
tolerance for the whole group. When there is no loss eteiver, the slow receiver may cause packet losses for other receivers
it is not possible to measure that receiver’s rate. What is known is(under possibly different repair heads) which would not happen
that that receiver’s rate is no less than the current sendinggrate, otherwise. When these packet losses occur at the minimum data
A constant factorl/(1- py) is applied to the sending rate as an rate, the repair head using the local pruning algorithm may prune
incremental way to best approximate the receive rates (with nothese unfortunate receivers prematurely.

loss). As a result, the Inter-Receiver Fairness value derived usin
this receive rate measurement technique is a very coars
approximation.

_r,01-p,) if loss
““r./@-p;) if noloss

gOne way to avoid pruning receivetsinecessarily due to the
ripple effect of the worst receiver is to prune the worst receiver(s)
sequentially. In other words, try to prune the worst receiver(s) in
In our case, we are only interested in finding (and ranking) each step and then determine if there are still receivers satisfying
receivers who are slower than the minimum data rate. That list ofthe pruning condition; if so, repeat the process until the pruning
condition goes away. Let us call this the Worst Receiver First
(WRF) algorithm.

® This assumes the sender continues to send at the pruning rate.



To determine the worst receiver(s) requires some global
coordination. For example, let the pruning criterion be based on
packet losses at the time when the sender is sending at the
minimum data rate. Suppose there are two repair heads. The
receiver loss rates for the 1% repair head are {1%, 4%, 5%},
whereas the receiver loss rates for the 2™ repair head are {1%,
1%, 2%} . Without global information, the 2™ repair head cannot
tell if the receiver that is losing 2% packets is locally the worst or
globally the worst. The WRF algorithm can discard the worst and
some other receivers sufficiently close to the worst in each step. In
this example, the first repair head may consider the receiver with
4% loss and 5% loss sufficiently close and prune both of them in
the same step.

Given a repair tree, the global pruning agorithm can be easily
implemented. The repair tree is typically used to gather other
multicast group-wide information, such as data packet stability,
congestion feedback, and group membership information. The
computation of the group-wide slowest receive rate can be
piggybacked on the existing feedback information flow.

The metric to rank receivers can again be based on cache
occupancy or loss rate measurement, as in the local case. In our
implementation used for experimentation, we use the loss rate to
determine the slowest receiver globally. Each receiver computes
its loss rate for each data acknowledgement period, and applies

Recei vers:

/1
/1 \Wen it
/1
curlLossRate = nuniost / nunRecei ved;
/'l wis a snoothing factor between 0 and 1
aveLossRate = w * curLossRate +

(1-w) * avelossRate;
subtreel ndi cator = fal se;
SendAck(avelLossRat e, subtreel ndi cator);

is tine to ACK

exponential averaging — this computation is the same as that in th
local pruning algorithm. This information is passed to the repair
head, piggybacked on ACK packets. The repair heads aggregat
this information (compute the loss rate of the slowest receiver in
its subtree) and pass it up towards the sender. The sende
eventually gets the loss rate of the slowest receiver.

More explicitly, the ACK packet carries the following two pieces
of information:

In the reverse direction, the DATA packet (or any other packet
that is multicast to the whole group) can be used to distribute]
global pruning information. This includes:

A typical implementation of a global pruning algorithm is shown
in pseudo-code in Figure 1, in terms of what teeeivers, the
repair heads, and the sender do.

Note that pruning is triggered when there is congestion, and the
sender notices that the average data rate is lower than the pruni

Aggregated (exponentially averaged) loss rate of the slowes
receiver in the subtree below (inclusive of) a repair head.

Subtree indicator - an indication that the slowest receiver is

Repai r heads:

/1

/1 Upon receiving an ACK fromits child:
/1

Updat eChi | dLossRat e() ;

Conput eWir st LossRat ef Chi | dren();

I/
/1 \When it
I/
CurLossRate = nunLost / nunRecei ved;
/1 wis a snoothing factor between 0 and 1
aveLossRate = w * curLossRate +
(1-w) * avelossRate;
aggr egat edLoss = wor st (avelLossRat e,
LossRat eOf Chi | dren);
if (aggregatedLossRate == avelLossRate)
subtreel ndi cator = fal se;
el se
subtreel ndi cator = true;
SendAck(aggr egat edLoss, subtreel ndi cator);

is tine to ACK

/1
/I When DATA packet contains prune indicator:
/1
children = mat chLossRat e( sl owest LossRate) ;
if (children != null)

Prune(children);

some receiver in the subtree rather than the local receiver.

Exponentially averaged loss rate of the slowestiver in
the whole tree.

Prune indication — indicating that it is highly probable that
the slowest receivers in the tree are not capable of keeping u
with the pruning rate, and requesting repair heads to prung
children whose loss rate closely matches the value for the
whole tree.

Sender :
11
/1 At sending of each DATA packet
/1
total Sent = total Sent + size(packet);

/1

/1 At every ackW ndow boundary

/1

curTime = now);

keepTrack(curTi me, total Sent, history);
aveRat e = cal cul at eAve(history);

/1

/1 Upon receiving a congestion report:

/1

if ( aveRate < pruneRate )
Send_prune_signal ();

rate. The exact implementation ©&l cul at eAve( hi story)

is an

interesting engineering detail that can affect the

aggressiveness of pruning. In our implementation, we used a
simple moving window algorithm. Both the global algorithm and
the local algorithm are triggered the same way.

Figure 1. Sample pseudo-code fore the global pruning
algorithm




5. TEST RESULTS receive rate was varied from 40KB/sec up to 70KB/sec. The

. . . achieved average throughputas as below, all units in KB/sec.
5.1 Evaluation Criteria

The following factors are important considerations when Table 1. Receive rate emulation calibration
evaluating the effectiveness of various pruning a gorithms: Emulator | Average Range
« Time to discover and prune slow (or crashed) receiver(s) rate Throughput

must be minimized. Pruning is closely tied to flow control. 40 38.9 [37.4, 39.9]

When adow (whose rate is below the prune rate) or crashed
receiver is not pruned from a multicast session, the flow 50 46.0 [45.4, 47.1]
control algorithm is forced to operate at the minimum data 60 56.2 [52.6, 61.5]
rate (prune rate); the longer this condition persists the more

it affects the overall multicast performance. 70 62.1| [59.3, 64.7]

e Probability a receiver is pruned by mistake must be
minimized. The determination of when to prune and whom As we can see, the emulator is not perfect. Given a configured
to prune are often stochastic. This is especially true when a receive rate to emulate, the achieved thhpug is always

receiver’s rate is barely above the pruning rate. There is Somewhat below the specified emulator rate. This is not
usually a trade-off between this factor and the time-to-prune surprising, since some time was spent by the flow control

factor, as more time usually allows a more accurate algorithm to ramp up, and some time was spent in
determination. retransmissions. The variance (shown as range) is also significant.

This is partly due to the short test duration used for calibration.
For the purposes of our experimentation, this level of consistency
and accuracy is adequate.

e Efficiency (with respect to processing and bandwidth
overheads) and simplicity.

5.2 Test Configurations

The algorithms described in the last section were implemented a
part of a reliable multicast transport protocol (and its flow
control). In this section, we describe the test environment for our
experiments. We used ten different machines, one as sender ar
the rest as receiversprnected by a high-speed campus network,
so that the network is never the bottleneck in any of our tests. Thg
sender and all the receivers can easily sustain a thpatigpf
200KB/sec. So when the maximum data rate is set to 200KB/sed]
it is roughly the achieved average throughput. To emulate a slow
receiver, we have implemented a packet filter sitting in between
the UDP socket and our RM transport. This packet filter
continuously measures the dataceive rate as packets are
received. Whenever the measured receive rate goes above a pr
configured threshold, the packet filter randomly drops packets.
We call this packet filter the receive rate emulator. All our
experiments involve configuring some receivers to have a slow
receive rate and monitoring the pruning behavior.

Figure 2. Repair tree

In order to study the effectiveness of both the local and global
pruning algorithms, we manually configured the receivers into a

repair tree as shown in Figure 2. Next, we did a simple test of the global pruning algorithm, using
the repair tree shown in Figure 2, with receivgrcBnfigured to
5.3 Basic Behavior of the Pruning Algorithm receive at 60KB/sec. The maximum data rate is SROGKB/sec,

For calibration purposes, we first ran multicast tests from the @nd the pruning (minimum) data rate is set to 70KB/sec. The
sender to one receiver at a time. In each case, the maximum datgender sends 5MB of data, pauses for 10 seconds, and repeats this
rate was set to 200KB/sec, and 5 MB of data was transmitted. Allcycle. As expected, Rwas pruned soon after it joins the group.

the tests produced 200KB/sec throughput since the senderAfter each prune, Rwas programmed to pause for 30 seconds

receiver and network can all sustain that rate of transmission. ~ and rejoin the multicast group. The presence gftéRporarily
slowed down the group until;Rvas pruned again. Figure 3 was

Then we ran a serious of tests to calibrate the receive ratecaptured from our monitoring program that tracks the

emulator. In these tests, the maximum data rate was set tqnstantaneous sending rate (dark line) and number of packets

ZOOKB/SGC, the minimum data rate to 1KB/S€C, and the emulator Sa”owed to send by the Congestion window (gray |ine) observed at
the sendef.

" The tests were mostly done during weekends and eveningsg
While there may still be some other traffic on the network, the
results are largely reproducible. ® Each sample is taken 0.5 seconds apart.

Each was based 3 to 5 samples.



Table 3. Pruning behavior using local algorithm

Prune | Ave Timeto | Timeto | Timeto | Timeto
rate thruput | prune B | prune R | prune R | prune B
40 50.1
50 47.3
60 60.6 5 231
70 175.4 10 18 39 39

Figure 3. Basic pruning behavior

When the dow receiver is absent, the sending rate reaches the
maximum 200K B/sec and the window opens wide. Whenever the
slow receiver joins the group, the sending rate drops to around 50-
60KB/sec and the window closes down significantly. The exact
workings of the congestion control algorithm that control the
sending rate and congestion window will be reported in a future
paper. This illustration is included to show that the pruning
algorithmis doing its job.

5.4 Local and Global Pruning

In this section, we describe experimental results of testing both
the local and global pruning algorithms, using the multicast group
organized in the same repair tree as shown in Figure 2. To make
the example interesting, we configure three of the receivers to
have lower emulated rates as below:

Table 2. Three slow receivers’ rates
R, | 50KB/sec
Rs | 60KB/sec
Rs | 70KB/sec

Sender sends 25MB of data with a maximum data rate of
200KB/sec. Only these three slogceivers can limit the sender’s
rate from ramping up to 200KB/sec. The pruning rate is varied
from 40KB/sec up to 70KB/sec.

5.4.1 Local Pruning

In these experiments, local pruning was done by usinbigfest
consecutively received (HCR) sequence number as the
differentiator between receivers. In a separate simulation study,
we found the use of HCR to determine the sloweseiver is
more effective than using exponentially smoothed loss rate as the
metric. (Of course, the use of HCR is the same as cache
occupancy, but a more exact definition). When a pruning signal is
received from the sender (piggybacked in a data message), a repe
head first determined, the highest value of HCR out of all its
children (including the repair head itself). A repair head then
proceeds to prune all members with an HCR value that satisfies

HCR < h —threshold

When the prune rate is 40KB/sec, even the most limiting receiver
(Ry) can sustain that rate. The algorithm behaved correctly by not
pruning any receiver and achieved a thigug of 50.1KB/sec,
roughly corresponding to ;R rate. When the prune rate is
50KB/sec, the local algorithm was on tlesient side and again

did not prune R This arguably is still the correct behavior; the
achieved throughput was a sluggish 47.3KB/sec. When the prune
rate is 60KB/sec, bothRand R were pruned. Finally, when the
prune rate is 70KB/sec, the local algorithm managed to prune all
three slow receivers very quickly. Unfortunately, it also
erroneously pruned R The sender was then able to transmit at
the maximum data rate 39 seconds after the session started, and a
throughput of 175.4KB/sec was achieved.

The pruning behavior was basically correct for pruning rate up to

60KB/sec. When multiple slow receivers exist, they are pruned in

the right order. For the 50KB/sec case, the algorithm acted on the
conservative side. Although the 50KB/sec case finished with

slightly lower throughput than the 40KB/sec case, it can be

attributed to the imprecise receive rate emulation.

But for the 70KB/sec case, the algorithm acted on the overly
aggressive side and pruned one extra membgr &R the same
time when B was pruned.

20000

70KB/s 60KB/s 40KBI;

50KB/s
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Figure 4. Local pruning example

Figure 4 plots the sender’'s packet sequence number versus time.

The measurement results are summarized in Table 3. All rates ard "€ Plots for pruning rates equal to 60KB/sec and 70KB/sec are

in units of KB/sec, and all times are in units of seconds. The value

of threshold was one acknowledgement window (32).

notable. In the former case, the curve changed slope after 231
seconds into the experiments; and in the latter case, there is a



much more pronounced change of slope after 39 seconds into the
experiments, when all slow receivers were pruned.

To further investigate the possible reason for incorrect pruning,
we repeated the test with pruning rate equa to 70KB/sec three
more times. Two out of the four tests had an incident of wrong
pruning and the other two were perfect.

We believe setting the threshold to 1 acknowledgement window is
too aggressive. This is particularly the case since we implement a
staggered acknowledgement strategy so that not al receivers
acknowledge at the same point in an acknowledgement window.
This makes the receivers that acknowledge at a later point in the
acknowledgement window (relative to the point the pruning
condition first started) more vulnerable.

To correct this situation, we tried additional experiments with the
threshold set to 1.5 and 2 acknowledgement windows. The results
areas shown in tables 4 and 5.

Table 4. Local pruning with threshold set to 1.5
acknowledgement windows

repair tree asin Figure 2 and slow receiver configured asin Table
2. The corresponding results are shown in Table 6.

Table 6. Pruning behavior using global pruning algorithm

Prune | Average Timeto Timeto Timeto
rate throughput | pruneR, | pruneR; | pruneRg
40 46.8
50 51.9 245
60 65.7 3 109
70 104.8 25 112 164

The pruning behavior was perfect. The time to prune was
somewhat longer compared to those achieved by the local pruning
agorithm. All in al, the results here are more consistent and the
global agorithm seems to be more robust.

Figure 5 shows the corresponding dynamic behavior of the global
agorithm. In this case, the curves for 50KB/sec, 60KB/sec and
70KB/sec all exhibited a slope change after the pruning was done.

20000

70KB/s

60KB/s

50KB/s

Prune | Average Timeto Timeto Timeto
rate throughput | pruneR, | pruneR; | pruneRg
40 48.7
50 49.8
60 54.0 20
70 159.6 23 13 48

When the threshold is set to 1.5 acknowledgement windows, no
receivers are pruned by mistake. The pruning is a bit conservative
for lower pruning rates. For the pruning rate equal to 70KB/sec
case, the order of pruning the sow receivers was not in
accordance to the receive rates, but the slow receivers were all
pruned correctly.

When we increased the threshold to 2 acknowledgement
windows, however, the loca pruning algorithm became overly
conservative. Thisisasexpected. In fact, as we discussed earlier,
when the threshold is set to some arbitrary level depending on
available cache size, local pruning may not happen at all.

Table5. Local pruning with threshold set to 2
acknowledgement windows

Prune | Average Timeto Timeto Timeto
rate throughput | pruneR, | pruneR; | pruneRg
40 49.0
50 484
60 47.6
70 54.5 232 55

These experiments demonstrate that while the local pruning
algorithm is simple and fast, it needs careful tuning and
calibration for correct operations. The appropriate threshold value
to use also seems to depend on how far apart the pruning rate and
slow receiveratesis.

5.4.2 Global Pruning
We then tested the global pruning algorithm using the same
network scenario as above, with the same statically configured
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Figure5. Global pruning example

5.5 Some Other Observations

One of the key observations from our experiments is that a basic
trade-off in the pruning strategy is in its timeliness and tolerance
to temporary slow-downs (accuracy). In the case of the loca
algorithm, we go into some detail in discussing how a key
parameter, the threshold, affects this trade-off.

Some other parameters can also affect this trade-off, for example,
how the average sending rate is calculated. We use a diding
window (of 5 seconds) to compute the average. The dliding
window size determines how sensitive the average is to the
instantaneous rate versus the historic average.

We also did alot of experimentation with getting the probe-based
local pruning right. This mechanism has to be there for al pruning
agorithms since it is used to discover crashed receivers or
receivers that for some reason stops responding. This timeout
(based on RTT measurements) mechanism is very important to get
right, as it can affect the whole multicast group’s progress.



In our experiments, we used a packet filter to emulate slow
receivers. This emulator drops packets randomly, whereas in the

real world a slow receiver is more likely to drop packets back-to-
back when buffer overflows. This may affect the “accuracy” of
our results.
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