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Abstract —In recent years, a number of reliable multicast protocols
on transport layer have been proposed. Previous analysis and simula-
tion studies gave evidence for the superiority of tree-based approaches
in terms of throughput and bandwidth requirements.

In many tree-based protocols, the nodes of the tree are formed of
multicast group members. In this case, the branching factor, i.e. the
maximum number of child nodes is adjustable. In this paper we ana-
lyze the influence of the branching factor on a protocol’s throughput
and bandwidth consumption. This knowledge is important to config-
ure protocols for best performance and to optimize the tree creation
process.

Our results show that the optimal branching factor depends mainly
on the probability for receiving messages from other local groups.
If local groups are assigned to a separate multicast address, the op-
timal branching factor is 2. On the other hand, if TTL scoping is used
and therefore the probability for receiving messages from other local
groups is greater than zero, larger local groups provide better perfor-
mance.

I. INTRODUCTION

Multicast transport protocols use positive or negative acknowledg-
ment schemes to ensure reliable message delivery. A positive ac-
knowledgment returned by a receiver confirms correct message deliv-
ery, whereas a negative acknowledgment asks for a message retrans-
mission. It has been shown [1] that tree-based multicast protocols
scale better than other multicast schemes suggested in the literature.
In tree-based protocols, the members of a multicast group are orga-
nized in a so-called ACK tree to overcome the well-known acknowl-
edgment implosion problem, i.e., overwhelming of the sender by a
large number of ACK or NAK messages. Since acknowledgments are
propagated along the edges of the ACK tree in a leaf-to-root direction,
the implosion problem can be avoided by limiting the branching factor
of a node.

We will use standard tree terminology throughout the paper. A node
having children (i.e., a non-leaf node) is defined to be a group leader.
A group leader together with its children form a so-called local group.
We define a tree’s branching factor to be the maximum number of
child nodes that can be associated with a group leader. We will use the
notion of a global group to denote all members of the multicast group.

The sender of a multicast group represents the root of the corre-
sponding ACK tree, while the other nodes of the tree are the members
of the global group. The ACK tree can be created by techniques like
expanding ring search (ERS) [2] or the token repository service [3],
[4]. Whenever a new member wants to join a multicast group, a node
in the corresponding ACK tree has to be selected to become the group

leader of the new member. Both, ERS and the token repository ser-
vice share the same goal, namely to find a group leader whose number
of children is less than the tree’s branching factor and that is as close
as possible to the new member in terms of network distance. Conse-
quently, the members of a local group are local in the sense that they
are close to their group leader. ERS as well as the token repository
service allow choosing the appropriate branching factor. The results
reported in this paper will help to find the optimal branching factor.

The scope of retransmission messages should be confined to local
groups, i.e., a group leader is responsible to retransmit messages for
its local group members only. If multicast communication is used for
retransmissions also, this poses the problem of how to limit the scope.
The literature proposes two approaches to deal with this problem. The
first one is to assign a separate multicast address to each local group.
Retransmissions are sent to the multicast address of the local group
and therefore are only received by the members of this group. The
other approach is to use TTL scoping. Retransmissions are sent with
a TTL value that was measured before and is equal to the maximum
distance between the group leader and all of its local group members.
Consequently, not only each local group member will receive the re-
transmitted messages but likely also members of other local groups
that are within the corresponding TTL distance.

While attractive at the first glance, the approach to assign multicast
addresses to local groups has some serious drawbacks. Most impor-
tantly, there may be a large number of additional multicast groups for
each of which a network layer (IP) routing tree must be created and
maintained. That is why existing protocols like TMTP [2] use TTL
scoping for multicasting retransmissions. Therefore, the problem ex-
ists that retransmissions may be also received outside the target local
group from members of neighboring local groups. This leads to addi-
tional processing and bandwidth overhead that has to be considered in
our analysis. A small branching factor, i.e. a small number of directly
attached children to a group leader, usually should lead to low load
on each group leader. However, if local multicast groups are not per-
fectly confined, a small branching factor may result in increased load
on each group leader because a small branching factor leads to more
local groups and therefore more messages received outside the scope
of local groups.

Our results of a processing and bandwidth requirements analysis
show that the optimal branching factor mainly depends on the used re-
liable multicast protocol and the probability for receiving retransmis-
sions destined to other local groups, which we will denote as scope
overlapping probability. If the scope overlapping probability is low,
a small branching factor results in the highest throughput and lowest
bandwidth consumption. On the other hand, if the scope overlapping
probability grows, the optimal branching factor increases also.

The remainder of this paper is structured as follows. In the next sec-
tion we discuss related work. Section 3 gives an overview and classi-



fication of the considered protocols. Our analysis in Section 4 starts
with the definition of the assumed system model followed by detailed
formulas for the bandwidth consumption and throughput. To illustrate
the influence of the branching factor on the protocols’ performance,
numerical evaluations are presented in Section 5. In Section 6 we con-
firm our analytical results by simulation studies. Finally, we conclude
our work with a brief summary.

Il. RELATED WORK

Reliable multicast protocols were already analyzed in previous
work. The first work in this area was presented by Pingali et al.
[5]. They have compared the processing requirements of sender- and
receiver-initiated protocols. Levine et al. [1] have extended this anal-
ysis to the class of ring- and tree-based approaches and showed that
tree-based approaches are superior.

Bandwidth analysis of generic reliable multicast protocols were
done by Kaseraet al. [6], Nonnenmacheret al. [7] and Poo et al. [8]. In
[6], local recovery techniques are analyzed and compared. The system
model is based on a special topology structure consisting of a source
link from the sender to the backbone, backbone links and finally tail
links from the backbone to the receivers. In Nonnenmacher et al. [7]
a similar topology structure is used. They studied the performance
gain of protocols using parity packets to recover from transmission
errors. The protocols use receiver-based loss detection with multicas-
ted NAKs and NAK suppression. In [8], non-hierarchical protocols
are compared. In contrast to previous work, not only stop-and-wait
error recovery is considered in the analysis but also go-back-N and
selective-repeat schemes.

Our paper extends previous work in the following ways. First, we
consider the loss of control packets rather than assuming reliable deliv-
ery. In previous work, control packets are assumedto be reliably deliv-
ered, which especially favors protocols with multicast NAKs and NAK
suppression. NAK suppression works most efficiently if no NAKs are
lost at receivers and therefore, only one NAK per lost data packet is
sufficient. Second, we assume that local clocks are not synchronized.
Again, the NAK suppression scheme is influenced by this assumption
since it works less efficiently if local clocks are not synchronized and
therefore simultaneous NAKSs are sent. Third, our work extends previ-
ous analysis by two new protocol classes based on aggregated ACKSs.
Aggregated ACKSs are necessary to guarantee reliable delivery even in
case of node failures. Fourth, in contrast to our previous work in this
area [9], [10], we present simulations to confirm the analytical results.
Finally, this work is the first one that focuses on the branching factor.

I1l. CLASSIFICATION OF TREE-BASED MULTICAST PRO-
TOCOLS

A. ACK-based Protocol (H1)

The first considered scheme is denoted as (H1). As in all other pro-
tocol classes we assume that the initial sender is the root of the ACK
tree and that the initial transmission is multicasted to the global group.
(H1) uses ACKs sent by receivers to their group leaders to indicate
correctly received packets. Each group leader that is not the root node
also sends an ACK to its parent as soon as a data packet has been re-
ceived. If a timeout for an ACK occurs at a group leader, a multicast
retransmission is invoked for this local group. As explained in the in-
troduction such a retransmission can be sent to a separate multicast
address for this local group or sent to the global group address and

limited in scope by the TTL value. An example of a protocol similar
to our definition of (H1) is RMTP [11].

B. NAK-based Protocol (H2)

The second scheme (H2) is based on NAKSs with NAK suppression.
NAKSs are sent by means of multicast to the group leader and other
nodes of this local group. A receiver that misses a data packet sends
a NAK provided that it has not already received a NAK from another
receiver that also misses the data packet. NAKs alone do not allow
a deterministic decision when packets can be removed from memory.
Therefore, selective ACKs (SAKS) are sent after a certain number of
packets has been received or after a certain time period has been ex-
pired, to propagate the state of a receiver to its group leader. TMTP
[2] is an example for class (H2).

C. ACK and AAK-based Protocol (H3)

Before the next scheme will be introduced, it is necessary to un-
derstand that (H1) and (H2) can guarantee reliable delivery only if no
group member fails in the system. Assume for example that a group
leader G, fails after it has acknowledged correct reception of a packet
to its group leader G which is the root node. If a receiver of G1’s
local group needs a retransmission, neither G; nor G can resend the
data packet since GG; has failed and G, has removed the packet from
memory. This problem is solved by aggregated hierarchical ACKs
(AAKS) of the third scheme (H3). A group leader sends an AAK to its
parent after all children have acknowledged correct reception. After a
group leader has received an AAK, it can remove the corresponding
data from memory because all members in this subhierarchy (i.e. the
transitive closure of the child relation) have already received it cor-
rectly. RMTP Il is an example for a protocol that uses AAKs [12].
Our definition of its generic behaviour is as follows:

1. A group leaders sends an ACK to its parent after a data packet has
been received correctly.

2. A leaf node receiver sends an AAK to its parent after a data packet
has been received correctly.

3. Group leaders wait a certain time to receive ACKs from all chil-
dren. If a timeout occurs, the packet is retransmitted to all children
or selective to those whose ACK is missing. Since leaf node receivers
send only AAKSs rather than ACKs, a received AAK is also allowed to
prevent the retransmission.

4. Group leaders wait to receive AAKSs from their children. Upon re-
ception of all AAKs, the corresponding packet can be removed from
memory and a group leader sends an AAK to its parent. If a time-
out occurs while waiting, a unicast AAK query is sent to the affected
nodes.

5. If retransmissions or AAK queries are received by a node after an
AAK has been sent or the prerequisites for sending an AAK are met,
an AAK is sent to the parent.

Besides AAKSs, we consider in our analysis of (H3) a threshold
scheme to decide whether a retransmission is performed using unicast
or multicast. The group leader compares the number of missing ACKs
with a threshold parameter. If the number of missing ACKs is smaller
than this threshold, the data packets are retransmitted using unicast.
Otherwise, if the number of missing ACKs exceeds the threshold, the
overall network and node load is assumed to be lower using multicast
retransmission.



D. NAK and AAK-based Protocol (H4)

Our next protocol will be denoted as (H4) and is a combination
of the negative acknowledgment with NAK suppression scheme (H2)
and aggregated acknowledgments. Similar to (H2), NAKs are used
to start a retransmission. Instead of selective periodical ACKs, aggre-
gated ACKSs are used to announce the receivers’ state and allow group
leaders to remove data from memory. Like SAKSs, we assume that
AAKs are sent periodically. We define the generic behaviour of (H4)
as follows:

1. Upon detection of a missing or corrupted data packet, receivers
send a NAK to the local group by means of multicast scheduled at a
random time in the future and provided that not already a NAK for
this data packet is received before the scheduled time. If no retrans-
mission arrives within a certain time period, the NAK sending scheme
is repeated.

2. Group leaders retransmit a packet to the local group by means of
multicast if a NAK has been received.

3. After acertain number of correctly received data packets, leaf node
receivers send an AAK to their group leader in the ACK tree. A group
leader forwards an AAK to its parent as soon as the data packets are
correctly received and the corresponding AAKs from all child nodes
have been received.

4. Group leaders initiate a timer and wait for all AAKs to be received.
If the timer expires, an AAK query is sent to those child nodes whose
AAK is missing.

5. If an AAK query is received by a node and the prerequisites for
sending an AAK are met, the query is acknowledged with an AAK.

V. ANALYSIS
A. Model

Our model is similar to the one used by Pingali et al. [5] and Levine
et al. [1]. This means, that our analysis is based on the per-packet
processing and bandwidth requirements. A single sender is assumed,
multicasting to R identical receivers. We assume that nodes do not fail,
i.e. transmissions are assumed to be eventually successful. In contrast
to previous work, we assume that packet loss can occur on both, data
packets and control packets. The multicast packet loss probability is
given by ¢ and unicast packet loss probability by p. All parameters
used in our analysis are summarized in Table 1 and Table 2. Table
2 lists the additional notations for the protocol classes (H3) and (H4)
with aggregated ACKSs.

We assume further that losses at different nodes are independent
events. In fact, since receivers share parts of the multicast routing tree,
this does not hold in real networks. However, this widespread assump-
tion in most analytical work is made to keep the analysis simple. In
[13] and [14] the temporal and spatial loss correlation in the Internet
and MBone is studied in detail. They concluded from measurements
that the timescale for temporal loss correlation is 1 second or less.
Beyond this timescale, what happens to a packet is not connected to
the behaviour of a former sent packet. Even within the correlation
timescale, most losses were solitary losses. With respect to spatial
losses, they found only small correlation among the multicast sites ex-
cept for the loss due to the link next to the source.

We can conclude from these observations that assuming temporal
independent losses introduces only a negligible inaccuracy into our
model. With respect to spatial losses, an inaccuracy we introduce is
the spatial correlation due to loss on the first link from the sender to
the backbone. One advantage of our assumption is that the provided

results are independent of a concrete network structure and therefore
applicable for local networks as well as for global networks like the
Internet. We relax this assumption by confirming the analytical results
with simulation studies in Section V1.

B. Protocol Independent Methods

The main issue for our analysis is to obtain the number of necessary
transmissions M to deliver a data packet correctly to all receivers.
Many other quantities, like the number of ACK or NAK packets and
the number of timeouts that have to be processed depend on M.

Analogous to M, which is the total number of data packet trans-
missions for all receivers, M, denotes the number of necessary data
packet transmissions for a single receiver r. M, depends on the prob-
ability p that a retransmission is necessary. p is the failure or retrans-
mission probability for a single receiver and is made up of the data
and control packet loss probabilities (see following sections). With
P, the probability that the number of necessary transmissions M, for
receiver r is smaller or equal to m (m=1, 2, ...) is:

P(M, <m)=1-p™. @
As the packet losses at different receivers are assumed to be inde-

pendent from each other, the following holds [5]:

2 5 /B y
P(M < m)= [ P(M: <m)=(1=5™)7 =3 (7)(-1)'F" @
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E(M) is the expected number of necessary transmissions to receive
the data packet correctly at all receivers.

The necessary number of transmissions for a single receiver follows
from the Bernoulli distribution. This means, M, counts the number of
trials until the first success occurs. The probability for the first success
in a Bernoulli experiment at trial & with probability for success (1 — p)
is:

P(X = k)= (1-p)p*~". @
The expectation follows to (see [5]):

1

E(M;) = — ©)
-Pp
B(M, M, > o) = ”11_7_;7’ ®)
P(M; > z)[E(M,|M; > z) —z] = E(M,) — z. @

Finally, we have to obtain the number of group leaders. The number
of nodes R in a complete tree with branching factor B and height 4 is:

1— Bh
1-B

h—1
R=Y B = =h=logg(R(B-1)+1). (8
=0

G, the number of group leaders follows to:

G = Ei(;goB[R(B_l)+l]_2 Bt ©)



Table 1
NOTATIONSFOR THE ANALY SIS

Time to feed in a new data packet from a higher protocol layer or to deliver one to a higher layer.

R Size of the receiver set.

B Branching factor of a tree, i.e. the local group size.
Xf, Yf

Xa, Xay Xn, Xa

Ya,Yo,Yn, Yo
X, Vs

Wa, Wo, Wy, Wy
S

Time to process the data transmission or time to receive and process an ACK, NAK or periodic SAK.
Time to receive and process a data packet or to process and transmit an ACK, NAK or periodic SAK.
Time to process a timeout at the sender or receiver.

Bandwidth for a data packet, ACK, NAK and periodic SAK, respectively.

Number of periodical SAKSs received by the sender in the presence of control message loss.
Probability for unicast or multicast data loss at a receiver, respectively.

Number of ACKs/NAKS per data packet sent by receiver r that reach the sender. w € {H1, H2, H3, H4}

PD,4D

PA,PN Probability for unicast ACK or NAK loss at a sender.

qN Probability for multicast NAK loss at a sender or receiver.

Ds Probability for simultaneous and therefore unnecessary NAK sending in (H2) and (H4).

D Scope overlapping probability, i.e. probability for receiving a packet from another local group.
Ly

Jw

T w N7 w NT w
Ny, Nit, Ny

Total number of ACKs or NAKs per data packet received by the sender from all receivers.

Total number of transmissions per data packet received by receiver r from the parent or total number of received
transmissions from all local groups or total number of received transmissions at group leader g.

Bandwidth requirements for protocols w at the sender, receiver, group leader and overall bandwidth consumption.

MY, M® Number of necessary transmissions for receiver r and total number of transmission for all receivers.
oy, 0" Number of necessary rounds to correctly deliver a packet to receiver r or to all receivers, respectively.
o.,,07 Total number of empty rounds for receiver r or empty rounds for all receivers, respectively.
Ny Number of NAKSs sent in round &.
Py, Py, P¥ Processing time per packet at sender, receiver, or group leader respectively.
G AR AL AY Throughput for protocols w at the sender, receiver, group leader and overall system throughput.
wg ,wWg,
wg, we

C. ACK-based Protocol (H1)

Our analysis distinguishes among the three different kinds of nodes
in the ACK tree, the initial sender at the root of the tree, the receivers
that form the leaves of the ACK tree and the group leaders, which are
inner nodes. A group leader is a sender and receiver as well.

The analysis is based on the assumption that each local group con-
sists of exactly B members and one group leader. We assume further,
that when a group leader has to retransmit a message, the group leader
has already received this packet correctly. The following subsections
analyze the processing requirements at the sender, receivers and group
leaders.

C.1 Sender (Root Node)

Protocol (H1) uses unicast ACKs for controlling the reliable mes-
sage delivery. To obtain the maximum throughput we analyze the pro-
cessing times at the sender PZ!, at a receiver PZ! and at a group
leader PZ. The throughput is then limited by the maximum process-
ing requirements at the sender, receivers or group leaders.

The analysis is based on the necessary requirements for sending a
single data packet correctly to all receivers. We assume that the sender
waits until all ACKSs are received and then sends a retransmission if
necessary. The CPU processing load is illustrated in Figure 1.

At the sender we have:

MHL EHI
PI =X+ Xa()+ 3 (Xt(m -1 +Xd(m))+ 37 Xal(i). (10)
m=2 =1

Xy isthe processing time required to feed in a new data packet from
a higher protocol layer. X,(z) denotes the processing requirement to
receive an ACK packet for the i-th transmission. Analogous, X ;(m)
and X4(m) are the processing requirements for a timer interrupt or
data packet transmission for the m-th transmission. M ¥ is the total
number of transmissions necessary to transmit a packet correctly to all
receivers in the presence of data packet and ACK loss and LP is the
total number of ACKSs received for this packet. Timer interrupts must
be processed only if not all ACKs are received, i.e. when a retransmis-
sion is necessary. Therefore, for the last, successful transmission no
timer processing is considered.

In the following equations we consider only expectations, since we
are always interested in the mean results. E(PZ!) is the expectation
of the processing requirement at the sender:

E(PE") = E(X;) + E(MT)E(X )
+(BM™Y) - 1)E(X) + BEP)E(X). (1)

The bandwidth requirement is given by W

EWEIY) = E(MAYE(Wy) + E(LTY)YE(W,), (12)
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Fig. 1. CPU processing load

where W, and W,, are the necessary bandwidths for a data packet
or ACK packet, respectively. The only unknowns are E(M ') and

E(L™Y). E(M**"), the expected number of necessary transmissions,
is determined by the probability for a retransmission:

p=4qp+(1—qp)pa, (13)

i. e. either a data packet is lost (gp) or the data packet is received
correctly and the ACK is lost ((1 — qp)pa). Now, E(M*) can be
determined with Eq. 3:

B
E(MHl):Z<

=1

B)(_l)i+1;

- 14
z 1-—pt (14)

Group leaders receive an ACK from each child node for every data
transmission provided that the data packet and ACK packet was not
lost. The mean number of ACKs E(L™!) is therefore:

E(LHYY = BE(MHAY(1 — qp)(1 — pa). (15)
C.2 Receiver (Leaf Node)

E(K’T’ftl) is the total number of received transmissions at receiver r,
which are mainly the messages sent by r’s parent E(]VTH1 ), provided
that each local group has its own multicast address. However, if the
multicast group has only one multicast address as e.g. in TMTP [2], re-
transmissions may reach members outside of a local group. The scope
overlapping probability for receiving a retransmission from another
local group is assumed to be p; for any receiver. Such transmissions
received from other local groups obviously increase the load of a node.
In our analysis, we assume that transmissions from other local groups
do not decrease the necessary number of local retransmissions, since
in most cases they are received after a local retransmission has already
been triggered.

The mean number of received transmissions £( N,!) from the par-
ent node at receiver r is:

E(NJ) = E(MPY)(1 - qp). (16)

The total number of received transmissions E(thl) at receiver r
is the sum of transmissions from r’s parent plus those received from
other local groups (for G see Eq. 9):

E(NEY) = E(M™T)(1 = gp) + (G - 1) (B(MMT1) = 1)p. (17)

Finally, the processing requirements PE! and bandwidth require-
ments W for a receiver are:

E(PFY) = E(Y;)+ E(NEHE(Y,) + E(NFYE(Y.)  (18)
E(WEY = E(NENYEWy) + E(NJ)E(W.,). (19)

C.3 Group Leader (Inner Node)

Since a group leader is a sender and receiver as well, the processing
requirement is basically the sum of the sender and receiver processing
requirements. However, X 4(1) and Xy are not considered here, since
the initial transmission is sent using the multicast routing tree rather
than the ACK tree and the group leader does not feed in a packet from
a higher layer. Furthermore, a group leader may receive additional
retransmissions only from G — 2 other group leaders since this group
leader and its parent group leader have to be subtracted.

B(N{") = B(M™)(1 = ap) + (G- 2)(EM™) = 1)p (20)

E(PYY) = (B = 1) (B(Xa) + B(X:)) + (L) E(Xa)

+ E(NFYE(Y,) + E(NFYE(Ya) + E(Yy) (21)
= E(P{") + B(P") — E(Xy) - BE(Xa(1))
—(B(MHY) = 1) piB(Ya) 22

BWE") = Wi + BWEY)
- B(Wa(1) = (B(M™") = 1) piB(W.). (23)

The maximum rates limited by processing requirements for the
sender AE?, receiver AE! and group leader AE! are:

1 1 1
A = — A= Af = ———— . (29

CEEFNT R T E®EEY Y T EEEY

Analogous, the maximum rates limited by bandwidth requirements
are:

1
E(WZT)

1

1
— AF' - (25
E(ng) G ( )

Agl = .
EWE)

Agl =
Overall system throughput A®! is given by the minimum of the
packet processing rates for the sender, receiver and group leader:

AFY = min{A BT AEY AHLY (26)

Our definition of total bandwidth consumption encompasses the to-
tal costs at the communication endpoints, i.e. the costs for the sender
and receivers but not the internal network costs, i.e. costs for the
routers and links. The total bandwidth consumption of protocol (H1) is
the sum of the sender’s, leaf node receivers’ and group leaders’ band-
width consumption:

EWH) = EWI) + (R- G+ )E(WE")
+ (G - 1)EWEY). 27

D. NAK-based Protocol (H2)

(H2) uses selective periodical ACKs (SAKSs) and NAKs with NAK
suppression scheme. Group leaders collect all NAKSs belonging to one
round and retransmit a message if the timer expires and at least one
NAK has been received. We distinguish between the number of rounds
and the number of transmissions. Due to NAK loss at the sender, it
may happen that no retransmission occurs within a round. Then a
further round is started until the sender receives at least one NAK and
triggers a retransmission.

A SAK is sent by the receiver to announce its state, which specifies
its received and missed packets. We assume that a SAK is sent after



a certain number of packet transmissions. Therefore, when analyzing
the requirements for a single packet, only the proportionate processing
requirements for sending Y& and receiving Xs a SAK are considered.
Ws is the proportionate bandwidth requirement. S is assumed to be
the number of SAKSs received by the sender in the presence of SAK
losses, where E(S) = (1 — pa)B.

D.1 Sender (Root Node)
The processing and bandwidth requirements are:

B(PE?) = B(X;) + E(M™*)B(Xq) + B(L"?)E(X5)
+ B(0")E(Xy) + B(S)E(Xs) (28)
E(WL?) = E(M")E(Wy) + E(L"?)E(W,) + E(S)E(Ws). (29)

E(M*™?) is determined by Eq. 3 with loss probability 5 = g¢p.
A round starts with the sending of a data packet and ends with the
expiration of a timeout at the sender. Usually, there will be one data
transmission in each round. However, if the sender receives no NAKs
due to NAK losses, no retransmission is made and new NAKs must
be sent by the receivers in the next round. Q2 is the number of
rounds for receiver r. The number of rounds is the sum of the number
of necessary rounds for sending transmissions M2 and the number
of empty rounds 053 in which all NAKs are lost and therefore no
retransmission is made:

of?=MF?>+0[}. (30)

E(M?) is given in Eq. 5 with failure probability 5 = qp. The
expected number of empty rounds E(Of,?) is the expected number of
empty rounds after the first transmission plus the expected number of
empty rounds after the second transmission and so on:

B(MH?)—1
EOF) =207 (2

- 1). (31)

(1/1 — px) is the expectation for the number of empty rounds plus
the last successful NAK reception at the sender, which is subtracted
(see Eq. 5). The number of empty rounds after transmission % is de-
termined by the failure probability py, i.e. the probability that all sent
NAKSs in round & are lost:

PE = an*- (32

Np, the number of NAKSs sent in round k%, is obtained as follows.
The first receiver that did not receive the data packet sends a NAK. The
probability for packet loss in round & is ¢%, which is equal to Ny 1,
the probability for the first receiver to send a NAK. Then a second
receiver sends a NAK provided that it has received no data packet
and no NAK packet. Either the first receiver has sent no NAK (with
probability 1— N1 ) or the NAK was lost or sent simultaneously (with
probability N 1(gn +ps — qnps)). As we assume a system model in
which local clocks are not synchronized, it is possible that NAKs are
sent simultaneously. This probability is given by p.. Now, N}, can be
expressed as follows:

Nie =32, N (33)
N1 =ap* (34)
Npo=qp*(1 = Ni1 + Nei(an +ps — anps))

=Nk —N;il +N}371(QN+ps_qus) (35)

Nin = Nino1 = Ni 1 + N1 (av + ps — anps),n > 1. (36)

The total number of rounds OF2 for all receivers can be defined
analogous to OF2:

OF2 = pMH2 4 oH2 @37

H2y_
BEOI) =0T (2 - 1), (38)

To determine £(L"2) we must take into account that NAKSs are
not only received from members of this local group but may also be
received from other local groups with scope overlapping probability
pi (see Eq. 17):

E(L"?)=9,(1 = qn) + (G = 1)1y (39)

E MH2
9y = RPN N, = (40)

Y, is the total number of NAKSs sent within a local group. The
number of group leaders (G), is obtained with Eq. 9.

D.2 Receiver (Leaf Node)

Retransmissions are received mainly from its group leader, but may
also be received from leaders of other local groups. Analogous, NAKs
are mainly received from other receivers of this local group but may
also be received from members of other local groups. The processing
and bandwidth requirement for a receiver are:

E(PE?) = E(Y}) + E(MT?)(1 - qp)E(Y,) + E(Ys)
+ [B(0F?) - 11Z—§E<Yn) + [E(OF?) - 2]E(V)

+[BO™) = 116: - (BOF? = 132](1 = aw)E(Xa)

from thislocal group
+(G - 1)m
[(B(M™2) = 1) E(va) + [B(07?) - 119:E(X,)] (41)

from other local groups
E(W§?) = E(M™2)(1 - qp)E(Wa) + E(Ws)
o

+[B(0?) ~ 1]EE(WTL)

+[[B(07%) = 1192 = [B(O%) = 1] (1 = ) (W)
+(G = 1)p
[(BM™2) = 1)EWa) + [B(O™2) - 116 EW»)|. (42)

(E(0OF?) — 1) is used as an abbreviation for P(Of? >
D[E(0O72]0"2 > 1) — 1] (see Eq. 7). Accordingly, E(O?) — 1
is also an analogous abbreviation. 9 is the average number of NAKs
sent in each round and 995 is the mean number of receivers that did not
receive a data packet and therefore are supposed to send a NAK:

_ 1 B(MH?2) 1
¥y = miﬁk:l Ny T=pr (43)

1
E(0H2)

E MH2
Eki1 )QDkBl;

93 =
3 —Pk

, (44)

where (1/1 — px) is the number of empty rounds plus the last suc-
cessful NAK sent (see Eqg. 5 and 40).



92195 in E(PE?) obtains the probability for the considered re-
ceiver r to be the one that sends a NAK. The term with X,, obtains
the processing requirements to receive NAKs from other nodes. The
number of sent NAKSs is subtracted from the number of total NAKSs to
get the number of received NAKS.

D.3 Group Leader (Inner Node)

As the group leader role contains the sender and receiver role as
well, the processing and bandwidth requirements are:

E(PE?) = E(PS?) + E(PR?) — E(Xy) — E(Xa(1))
—n[(BEQMT2) = 1) E(vy) + [E(O™) - 1]0:E(Y2)] @)
E(WE?) = E(Wi?) + E(WE?) - E(Wa(1))
— o [(BEQMT2) = 1) E(Wy) + [E(072) - 1]0:E(Wa)] . (46)

In the above equations the processing requirements for one other
local group are subtracted, which results in G — 2 other group leaders
(see protocol (H1)). The rate for sender, receiver and group leader as
well as the overall system throughput and bandwidth consumption for
(H2) can be obtained analogousto (H1).

E. ACK and AAK-based Protocol (H3)

We assume that the correct transmission of a data packet consists of
two phases. In the first phase, the data is transmitted and ACKSs are
collected until all ACKs are received. Then the second phase starts,
in which the missing AAKs are collected. Note that most AAKs are
already received in phase one, since AAKSs are sent from group leaders
as soon as all children have sent their AAKSs (see Section I11). So, only
nodes whose AAK is missing must be queried in phase two.

E.1 Sender (Root Node)

The additional notations for the analysis of (H3) and (H4) are given
in Table 2. The processing and bandwidth requirements are:

E(P§?) = E(X;) + B(M?)NuFE(Xau) + B(My*)E(Xa,m)
+ E(MT2 1) E(X,)
+ E(LI)E(Xa) + B(OF*)E(X,)
+ E(LE2VE(Xaaq) + BE(LE2E(X4) (47)

B(WE?) = B(ME)NGE(Wa) + E(ME)E(Wa,0)
+ B(EE)E(Wa) + B(LE) E(Waaq)

aaq

+ E(LEYE(W,a). (48)

M3 and M® are the number of necessary multicast or unicast
transmissions, respectively. M 72 is the total number of transmissions.
Xa,m and X 4,., determine the processing requirements and Wy ,, and
Wa,.. the bandwidth requirements for a multicast or unicast packet
transmission. LZ? is the number of received AAKs. The processing
of AAKSs is similar to the processing of data packets and ACKs. If
AAKSs are missing after a timeout has occurred, the sender or group
leader sends unicast AAK query messages to the corresponding child
nodes. Note that this processing is started after all ACKs have been
received and no further retransmissions due to lost data packets are
necessary. Ofs is the number of necessary query rounds and LaHasq
is the number of necessary unicast AAK queries in the presence of
message loss.

With p,, the probability that unicast is used for retransmissions, the
number of unicast and multicast transmissions are:

MHES = p,(MH2 1) (49)
My = (1 —p )M — 1) 4+ 1. (50)

Please note that the first transmission is always sent with multicast.
E(M*?) is determined with Eq. 3 and probability p for a retransmis-
sion due to data or ACK loss:

p=ppp + (1 —pt)gp + [1 - (ptpp + (1 - pt)qD)]pA~ (51)

dataloss

no dataloss but ACK loss

¢ is the threshold for unicast or multicast retransmissions. If the
current number of nodes nx, which need a retransmission is smaller
than the threshold ¢, then unicast is used for the retransmission. p; is
the probability that the current number of nodes iy, is smaller than the
threshold ¢:

1 MH3

— 17nk<¢

Pe= 3rmm 2 {o,nkzqa (52)
k=1

Since p: is used to obtain M 2, p, can only be determined if gp =
po. In this case, parameter p; is unnecessary to determine M 72,

N, is the mean number of receivers per round for which a unicast
retransmission is invoked:

) A HS

— ng ,ng < ¢

N“_MHS Z {0 g > ¢ 3
u k=1 -

E(NTHS) is the total number of transmissions that reach receiver r
with unicast and multicast from its parent node in the ACK tree:

BV = BB (1 - pp) + BN - ap). 69

The mean number of ACKSs that reach the sender or group leader in
the presence of ACK loss is given by:

E(LE®) = BE(N%)(1 = pa)pe. (55)

Here we assume that only receivers of the same local group ac-
knowledge transmissions. p. is the probability that no AAK can be
sent due to missing AAKs of child nodes.

The number of AAK query rounds OfS, is determined by the prob-
ability p that a query fails:

p= Pq + (1 - pq)pAA~ (56)

E(O[®) can be obtained with Eq. 3 and j instead of p. Baq is
the number of receivers, the sender has to query when the first AAK
timeout occurs, which is equal to the number of receivers that have not
already successfully sent an AAK in the first phase:

aa (B;a)(_l)i+l 1_;;51' (57)

e

E(ofS) =

Il
-

T
ﬁHa)

Baa =B (pc +(1- pc)pAA) B . (58)



Table 2
ADDITIONAL NOTATIONSFOR THE ANALY SISOF (H3) AND (H4)

Xaa, Yaa Time to receive and process an AAK at the sender, or process the transmission of an AAK at the receiver.
Xaag Yaaq Time to send an AAK query at the sender, or receive and process an AAK query at the receiver.

Xau, Xam Time to send a data packet by means of unicast or multicast, respectively.

Waa, Waaq Bandwidth for an AAK or AAK query packet, respectively.

Waa,6, Waag,e Proportionate bandwidth for a periodical AAK or AAK query packet, respectively.

Wau, Wa,m Bandwidth to send a data packet with unicast or multicast, respectively.

Pg) PAA Probability for AAK query loss at the receiver or AAK loss at the sender, respectively.

n Current number of receivers that need a retransmission.

10} Threshold for unicast retransmission. If ny < ¢, unicast is used for a retransmission and multicast otherwise.
Pt Probability that 2, is smaller than the threshold ¢ for unicast retransmissions and therefore unicast is used.
P Probability that an AAK query fails.

N, Mean number of sent unicast messages per packet retransmission.

M2 MHE® Number of necessary unicast or multicast transmissions in the presence of failures.

(@) Number of necessary AAK query rounds.

Ly, Ly, Number of ACKs or AAKSs sent by a receiver.

E}f, Z}fa Number of ACKSs or AAKSs received by the sender.

Lgag Effaq Number of AAK queries sent by the sender or received by a receiver, respectively.

Baa Number of receivers from which the AAK is missing when phase two starts.

Pe Probability that no AAK can be sent due to missing AAKSs of child nodes.

pe + (1 — pe)paa is the probability that no AAK can be sentin a
round or that the AAK is lost.

Queries are sent with unicast to the nodes whose AAK is missing.
The total number of queries in all rounds are:

H3
g )

E(LE) = 3209 ) B p-1), (59)

aaq

The number of AAKSs received at the sender is the number of AAKs
in the retransmission phase plus the number of AAKs in the AAK
query phase, which is exactly one AAK from every receiver in B,
(see Eq. 55):

B(LEY) = BE(N®)(1 = paa)(1 - pe) + Baa. (60)

E.2 Receiver (Leaf Node)
The processing and bandwidth requirements at the receiver are

given by:
B(PE?®) = B(Yy) + E(NE)B(Ya) + B(LE®)E(Ya)
+ B(LE)E(Yaa) + E(LEE) (B(Yaa) + B(Yaaq) ) (6)
BWE®) = BN B(Wa) + B(LE?) B(Wa)
+ B(LED) E(Waa) + BLEG) (BE(Waa) + BWaaq))- (62

aaq

N2 is the total number of transmissions that reach receiver r. In

contrast to the already obtained N’TH 3 additional data retransmissions
are considered from other local groups that may be received with prob-
ability p;:

BV = ZERME)(1 - pp) + BOME)(1 - 4p)
+ (B(ME*) = 1)(G = 1)pi. 63

The number of transmissions that are acknowledged with an ACK,
LE3 or with an AAK, LE? are:

L = pcB(N]?) (64)

L = (1 = pe) B(NF?). (65)

EaHj’q, the number of AAK queries received by an receiver is now:

~ 1
L3 — B—E(LH3 (1 —pq), (66)

aaq — aaq
aa

where 1/ B, is the probability to be a receiver that gets a unicast
AAK query.

E.3 Group Leader (Inner Node)

The requirements for a group leader consist of the sender and re-
ceiver requirements (see Eq. 22):

E(PE®) = B(PE?) + B(PE®) = B(X)) = B(Xam(1))

— (B = 1) nB (V) (67)
E(WE?) = BOWE?) + BWE?) - B(Wam(1))

— (BOME) = ) pEWy). (68)

The rate for sender, receiver and group leader as well as the overall
system throughput and bandwidth consumption for (H3) can be ob-
tained analogous to (H1).



F. NAK and AAK-based Protocol (H4)

Analogous to protocol (H3), the correct transmission of a data
packet consists of two phases. In the first phase, the data is trans-
mitted. If NAKs are received by the sender or group leaders, retrans-
missions are invoked. We assume that the retransmission phase has
been finished before the second phase starts. In this phase AAKSs are
sent from receivers to their parent in the ACK tree. Missing AAKSs are
queried with unicast messages by the sender and group leaders. In a
NAK-based protocol this is only reasonable if it is done after a cer-
tain number of correct data packet transmissions rather than after ev-
ery transmission. Therefore, the costs for sending (Yaq,¢) and receiv-
ing AAKS (Xaa,s) as well as the costs for querying AAKS (X aaq,4,
Yaaq,4) Can be set to a proportionate cost of the other costs. The same
applies for the bandwidth costs (Waa,¢ and Waaq,s)-

F.1 Sender (Root Node)

At the sender, the processing and bandwidth requirements can be
obtained analogous to (H2) and (H3):

E(PE*) = B(Xy) + E(MPY)E(Xa) + B(LF)E(X,)

+ E(O"YE(X:) + E(O*)E(X:)

+ B(L)B(Xaage) + B(ILENE(Xaag)  (69)
E(WI*) = E(MPYE(W,) + E(LHY)E(W,)

+ E(Lgfq)E( aaq, 45) + E(Lgf)E(Waa,qb)- (70)

E(MH*), E(L®*) and E(O™*) are determined analogous to pro-
tocol (H2).

The mean number of AAK query rounds E(O[*) is obtained
analogous to Eq. 57 of protocol (H3) with failure probability p =
pg + (1 — pg)paa and a modified Baa. Baa is the number of re-
ceivers, the sender has to query when the first AAK timeout at the
sender occurs. Since receivers send one AAK autonomously after a
certain number of successful receptions, the number of nodes to query
in phase two is the number of lost AAKS, s0 Byo = Bpaa.

The total number of unicast query messages in all rounds LGH;‘q i
obtained analogous to Eq. 59 of protocol (H3). Using unicast, only
those nodes are queried whose AAK is missing. So finally, the mean
number of received AAKSs at the sender is equal to the number of child
nodes in the ACK tree:

E(LEYHY =B. 71

F.2 Receiver (Leaf Node)

The processing and bandwidth requirements are analogous to (H2)
and (H3):
B(PF*) = E(Y;) + B(MT*)(1 - qp)E(Yy)
T2

+(EOF - 12

E(Yn) + [E(O* — 2]E(Y:)

+ E(Yaa ¢)+E(L£L4q)(E(Yaaq7 )+ E(Yaa ¢,))

9o

+[B(0™) - .

1162 = [B(0f™) = 11=2] (1 - an) B(Xn)

from thislocal group
+(G-1)p [(E(MH4) - I)E(Yd) +[E(OHY - 1]192E(Xn)] 72)

from other local groups

E(WgE*) = E(M™*)(1 - qp)E(Wa) + [E(O]™*) = 1] = E(Wn)

+ B(Waa,s) + BLEL) (BE(Waag,6) + BWaas))

+ [[B(07*) =119, ~ [E(OF*) - ui] (1= an)E(Wy)

+(G = pi [(BOMTH) = 1) BE(Wy)

+[E(OHY) - 1]ﬁ2E(Wn)]. 73)

Y2 and 95 can be obtained analogous to (H2). For E(Lfl{fq) the
mean number of received AAK queries and replied AAKSs see Eq. 66.

F.3 Group Leader (Inner Node)
As the group leader role contains the sender role and the receiver
role as well, the processing and bandwidth requirements are (see pro-
tocol (H2):

E(PE*) = E(PS") + E(PF") — E(X) = E(Xq(1))

-m [(E(MI“) - 1)E(Yd) + [B(OHY) - l]ﬁQE(Yn)] (74)
EWEHY = BWE") + EWEY) - E(W,a(1))

— o [(B(MT) = 1) E(Wy) + [E(0T*) — 1]0:E(Wy)]. (79)

The rate for sender, receiver and group leader as well as the overall
system throughput and bandwidth consumption for (H4) can be ob-
tained analogous to (H1).

V. NUMERICAL RESULTS

In the following we will show the impact of the branching factor
on the protocols’ performance by means of numerical examples. For
all results, the mean processing costs are set equal to 1, except for
the periodic costs, which are set equal to 0.1. Also bandwidth costs
for a data packet are set equal to 1. Since control packets are usu-
ally smaller, their costs are set to 0.1. Therefore, the periodic control
packet costs are set equal to 0.01. With this costs, the graphs show the
throughput of the various protocol classes relative to the normalized
maximum throughput of 1. Data packet as well as control packet loss
probability is set to 0.1 or 0.01. The dotted curves are the result for
loss probability 0.01 and the solid ones for loss probability 0.1. (H3)
is configured to use always unicast for retransmissions. All displayed
results assume a group size of 10000 receivers. We have also evaluated
the results for 1000 and 100000 receivers.

As there are no measurements from protocols in the Internet avail-
able, we can obtain a reasonable scope overlapping probability p; only
by simulations. Our used probability is obtained due to simulation re-
sults for TMTP [2] with group sizes of 25 to 100 nodes in networks
of 1000 to 2000 nodes. In section VI, the simulations are introduced
in more detail. Unfortunately, it was not possible to simulate a sparse
multicast group, e.g. 100 receivers in a network of 100000 nodes, since
the used simulator NS2 [15] does not provide scalability for large net-
works. We have measured overlapping probabilities (p;) between 0.2
and 0.6. We expect that for sparse groups, i.e. for large networks, the
overlapping probability will be lower since in this case TTL scoping
works more efficiently. Therefore, we have used p; = 0.1 for the
numerical results.

Figure 2 shows the throughput of all analyzed protocol classes with
respect to the processing requirements. In Figure 2.a it is assumed
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Fig. 2. Throughput limited by processing requirements with scope overlapping (a) p; = 0 (left side) and (b) p; = 0.1 (right side)

that local groups are perfectly confined, i.e. messages sent by a group
leader are only received by the leader’s local group. This can be
achieved by assigning a multicast address for each local group. As
shown in this figure, small local groups reach the highest throughput
with respect to processing requirements. The reason for this result is
that less packets must be sent or received at a single inner node if the
local group size is small. Although not depicted in the figure, a group
size of 1 would reach the best results. However, such a local group
size is not reasonable for real world protocol implementations since
this would result in large path lengths and therefore high delays within
the ACK tree.

In Figure 2.b it is assumed that local groups are not perfectly con-
fined with a scope overlapping probability of p; = 0.1. As the results
show, this assumption leads to larger optimal group sizes for most pro-
tocols. However, (H1)’s optimal branching factor with loss probability
0.01 is still 2 child nodes per group leader. As protocols (H2) and (H4)
send not only retransmissions by means of multicast but also NAKSs,
more messages are received outside the scope of a local group. So,
they react more sensitive to not perfectly confined local groups than
(H1) and therefore, a larger branching factor and a smaller number of
local groups provide better performance.

If the scope overlapping probability p; is increased, the optimal
branching factor increases also for all protocol classes. For example,
with p; = 0.4, the optimal branching factor for (H1) with loss proba-
bility 0.01 is then 5-10 and for (H2) 30 child nodes per group leader.
The more local groups exist, the more independent message retrans-
missions are triggered. If local groups are not perfectly confined in
scope, the number of local groups determine the number of received
messages from other local groups. Because if more local groups exist,
more message retransmissions are triggered and more messages are
received outside the scope of the local group. This results in less lo-
cal groups for maximum throughput and therefore in a larger optimal
branching factor. If the scope overlapping probability p; is decreased,
the optimal branching factor decreases also. In the extreme case of
pi = 0, the optimal branching factor is 2 for all protocols as Figure
2.a shows.

The performance of protocol (H3) is independent of the scope over-
lapping probability always constant, since retransmissions are always
sent with unicast. If the scope overlapping probability p; exceeds0.02,
(H3) outperforms all other protocol classes.

The results for other group sizes show similar behaviour but differ

in the exact quantity of the branching factor. Generally speaking, the
more receivers in the multicast group are, the larger is the optimal
branching factor. For example with p; = 0.1 and 1000 receivers the
optimal branching factor for protocol (H2) with respect to processing
requirements is 5 whereas with 100000 receivers it is 80.

Figure 3 shows the throughput with respect to bandwidth require-
ments. The results are similar to Figure 2, i.e. a low scope overlap-
ping probability results in a small optimal branching factor whereas a
high scope overlapping probability results in a larger optimal branch-
ing factor. By comparing Figure 2.b and Figure 3.b we can see, that
the optimal branching factor with respect to bandwidth requirements
is larger than with respect to processing requirements, since in the lat-
ter case also timeout processing is considered, which is independent
of the scope overlapping probability.

Finally, Figure 4 shows the total bandwidth consumption of all ana-
lyzed protocols in terms of weighted sent and received messages. The
results for total bandwidth consumption are similar to the throughput
results. With perfectly confined local groups, small local groups result
in the lowest bandwidth consumption. In case of imperfect confined
local groups, larger local group sizes are preferable. In contrast to the
throughput results, we cannot identify in Figure 4.b an optimal value
within the displayed range of up to 100 child nodes per group leader.
In fact, total bandwidth consumption reacts very sensitive to imperfect
confined local groups, so that the optimal group size is larger than 100
nodes. However, we can see for loss probability 0.1 that after an initial
decrease, the bandwidth consumption does not decrease significantly
as the branching factor is increased. So, a branching factor of 30 or
more child nodes would be a reasonable value in this scenario.

V1. SIMULATION RESULTS

We have implemented the TMTP [2] reliable multicast protocol in
the NS2 [15] network simulator environment to compare the analyti-
cal results with simulated results. We have used two networks gener-
ated with Tiers [16] and GT-ITM [17]. Both networks consist of 1000
nodes. All nodesin the network use DVMRP [18] routing. To simulate
message loss, each link in the network is configured with probability
0.1% for message loss. We have measured an average end-to-end mes-
sage loss probability for data packets of about 5%.

During the simulation, 100 nodes join the multicast group and there-
fore the ACK tree. The ACK tree is created by TRS [3] with a branch-
ing factor in the range from 2 to 30. After all nodes have joined the



1 0,6
%,

0,9 % A
2 205 -
£08 5] .
§ 0,7 § »
% ) --@--H1(p=0,01) % 0,44
0,6 —&—H1(p=01) o« ;
s s
£ <o X--H2(p=001) | B A
3 4 3 4
E 05 —X—H2 (p=0,1) E 0.3 Y
g4 --A--H3(p=001) | @ .
47 e =) A,
E + |—&—H3(p=0,1) 'é 0,2 4 S
2031 ) & TS o e H4 (p=001) | £ B
Ed Ed e e R e e St e s e K e B e X s e e
£ 02 H4 (p=0.1) s L Al
= ’ = *7 A TUA-.
£ £o01 aa,

01 ..:..‘_7_‘_7_ A A A Apen

N g TS T ] o OO B9 9.9 . . BT -

o—_—— R e ——

0 5 15 25 35 45 55 65 75 85 95 0 5 15 25 35 45 55 65 75 85 95

Branching Factor (B)

Branching Factor (B)

Fig. 3. Throughput limited by bandwidth requirements with scope overlapping (a) p; = 0 (left side) and (b) p; = 0.1 (right side)

40000

35000 +

30000 +

2000000

1800000 -

1600000 -

1400000 -

i i
7] °
E; E
S S
© ©
e --@--HL(p=00)| &
S 25000 —o—H1(p=01) S 1200000
g M - X~ H2 (p=0,01) g
= 20000 P i (AR = 1000000 |
c g _ c
8 8 e sexe-H3(E=0.01) | S gooo00
< 15000 e e e e wpooy | o
3 ./V(S’ J O o o ' 3 600000
B T O [ SRR Ha(p=001) | E
T 100004 X H4 (p=0,1) 2
g . & 400000
5000 4
200000 { ey o . e o .
PR M SIS e e e e e
o+ - 0 A ;
0 5 15 25 3 45 55 65 75 85 95 0 5 15 25 35 45 55 65 75 85 95

Branching Factor (B)

Branching Factor (B)

Fig. 4. Bandwidth consumption with scope overlapping (a) p: = 0 (left side) and (b) p; = 0.1 (right side)

ACK tree, data packets are transmitted to the group members using the
TMTP protocol. The sending rate was 1 packet per second during the
simulation time of 40 seconds. Additionally, we have assumed a selec-
tive repeat retransmission scheme with a window size of 2. Since 100
multicast members in a network consisting of 1000 nodes is a very
dense group, the measured scope overlapping probability was rather
high with p; = 0.5.

Figure 5.a shows the throughput limited by bandwidth requirements
for the analytical protocol class (H2) and the TMTP simulation. Figure
5.b shows the total bandwidth consumption. Since the measured end-
to-end message loss probabilities were not constant during the simula-
tions, we have indicated the measured loss probabilities in the figures.
The displayed analytical results are swaying, since they are based on
the measured loss probabilities, too.

The measured results for TMTP are the normalized average
throughput and bandwidth consumption per reliable data packet trans-
mission of 10 simulation runs with randomly selected receivers joining
the group.

As expected, the results for the analytical model and TMTP are
not completely identical; however, both show identical behaviour with
varying loss probabilities and varying branching factors. In this sce-
nario, an increased branching factor leads to increased throughput and
decreased bandwidth consumption. Note that if the message loss prob-
ability is higher for a certain measurement, for example for branch-
ing factor 30 as displayed in the figure, this results in an decreased

throughput and increased bandwidth consumption. This must be taken
into account when assessing the effect of the branching factor on the
protocol’s performance. We have performed further simulation studies
with other link loss probabilities, and other network sizes. All simula-
tions show similar results.

In summary, we have shown that the simulation results of a realistic
reliable multicast protocol are very close to the predicted results by the
analysis, which confirms the suitability of our assumed system model
and the analysis.

VIl. SUMMARY

We have analyzed the processing and bandwidth requirements of
four different classes of reliable tree-based multicast protocols. Our
work allows to determine the maximum throughput rates and band-
width consumption with respect to the branching factor. The assumed
system model considers data and control packet loss, asynchronous
local clocks and local groups that are not perfectly confined in scope.
The results of our analysis are confirmed by simulation studies.

The numerical evaluations have shown the impact of the branching
factor on the protocols’ throughput and bandwidth consumption. The
most important parameter is the probability for receiving messages
from other local groups. If local groups are assigned to a separate
multicast address and therefore messages are strictly confined to a lo-
cal group, the optimal branching factor is 2. On the other hand, if



Throughput (1/Bandwidth Requirements)

o
IS

2p=0,02

o
w
a

p=0,03 _.
e

oP=003

o
w
|

o
)
a

o
N

o
i
]

o
i

- o- Analysis

o
=}
a

—=— Simulation

o

N
o

10 15 20 25 30
Branching Factor (B)

Bandwidth Consumption (Packets)

3
o
o

400 A

w

=]

]
L

200

=
o
]

- o- Analysis |

—=—Simulation
0 T T T T T

2 5 10 15 20 25 30
Branching Factor (B)

Fig. 5. Comparison of analytical and simulation results for (a) throughput and (b) bandwidth consumption

TTL scoping is used it can be assumed that messages are not strictly
confined to the local group’s scope. In this case, larger local groups
provide better performance and less bandwidth consumption for most
protocols.

Our future work will be to analyze the impact of the branching
factor on end-to-end delay. A small branching factor leads to large
path lengths within the ACK tree. It would be interesting to analyze
whether this results in higher retransmission delays.
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