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Abstract. In hierarchical reliable multicast schemes, the number of repair proxies and their locations inﬂuence the delivery delay. Low delivery
delay is essential for the transmission of real time media. In this paper,
we propose a method to decide optimal locations of repair proxies that
minimizes the mean delivery delay of all receivers in heterogeneous network using a dynamic programming approach. The evaluation results of
our optimal proposal in a simulation topology show that the mean delivery delay of all receivers can be reduced by about 10ms in network size
of 1000 nodes. Our method can be used by network providers in order
to reduce delivery delay in their HRM network.

1

Introduction

Many hierarchical reliable multicast (HRM) protocols deploy repair proxies that
perform local recovery and feedback consolidation. Repair proxy can be set up as
an exclusive server [1][2][3] or can be designated among adequate receivers [4][5].
The performance of HRM is evaluated by 1) mean delivery delay (or expected
delivery delay), 2) bandwidth overhead due to local recovery and feedback consolidation, and 3) interreceiver fairness [6][7][23][27]. Delivery delay is the time
that is required to successfully transmit a packet from the sender to a receiver.
Mean delivery delay is a packet delivery latency between the sender and a receiver with reﬂection of link heterogeneity and locations of repair proxies. Interreceiver fairness is measured to estimate the diversity of each receiver’s delivery
delay. All these three metrics are aﬀected by the locations of repair proxies. For
example, if a proxy is adjacent with a receiver that is susceptible to packet losses
and if the proxy is robust with packet losses, the recovery and feedback traﬃcs
are limited to the proxy’s domain. Addition-ally, packet recovery time can be
reduced, and therefore better mean delivery delay and inter-receiver fairness can
be obtained.
Related with placement of proxies, many researches have focused on minimizing bandwidth overhead caused by recovery and feedback traﬃcs [8][9] [10][13]
and load balancing among proxies [9][11]. Some researches have not considered
optimal placement of proxies [12][13]. Also, they assume that every link has uniform delivery delay and loss rate. Reference [14] suggests a method to localize
proxies to minimize web distribution time using dynamic programming formulation. However, in order to reduce combinatorial complexity, the available location
of a proxy is limited to some area of the web distribution tree.
M. Gavrilova et al. (Eds.): ICCSA 2006, LNCS 3981, pp. 1189–1198, 2006.
c Springer-Verlag Berlin Heidelberg 2006


1190

S.-S. Byun and C. Yoo

Low delivery delay is an important issue of real time applications like multiconference system [25], interactive distributed simulations, distributed games or
delivery of MPEG I-frames [22]. Besides time constraint, low delays are vital for
providing high throughput with a window-based sending scheme [24], and the low
delay is essential to increase responsiveness in web service. Additionally, heterogeneous loss rate and delivery delay have big impacts on the placement of proxies.
In this paper, we propose a scheme that determines optimal locations of repair
proxies to minimize mean delivery delay using dynamic programming formulation.
The rest of paper is organized as follows. In section 2, we explain the HRM
model used in this paper and describe mean delivery delay model. In section 3, we
present our dynamic programming formulation for optimal placement of proxies.
In section 4, comparison by numerical evaluation is given. Finally, concluding
remarks and future work are presented in section 5.

2

HRM and Delivery Delay Model

In this section, we describe HRM and expected delivery delay model. In order to
determine locations of proxies to minimize mean delivery delay, both HRM and
mean delivery delay model deal with link heterogeneity and locations of proxies.
2.1

HRM Model

It is assumed that the HRM model in this paper has the following characteristics
(Fig. 1).
– The root of a multicast tree is the unique source, all leaves are receivers, and
all intermediate nodes can have proxy [1][2][3].
– The topology of control tree is identical to that of its underlying multicast
tree (IP multicast tree), and loss probabilities and delivery delays at the
links of the control tree are given. Reference [16], [17] and [18] describe a
way of establishing a control tree that is identical to its underlying multicast
tree and how to collect link loss statistics. Especially, reference [26] proposes
a method to determine the per link loss rates in the logical multicast tree.
Due to dynamic nature of memberships and network environments, it is
hard to acquire the exact link statistics quickly in real world. However,
using our proposed method, the locations of proxies can be obtained in
a few tens of seconds in the network size of 1000 nodes. Finally, even if
topology and loss rates are not known in real life, our method may still be
useful for comparison and assessment purpose.
– The control tree is partitioned into subtrees that form a hierarchy rooted at
the source. All nodes in a subtree are combined into a subgroup, and each
subgroup has a proxy located at the root of its subtree. The source always has
a proxy by default. These features are deployed in [1], [2], [3], [5], [8] and [19].
– A proxy multicasts the original data to its own subgroup. Each receiver sends
feedback (NACK) to its proxy when a packet loss is detected, and the proxy
retransmits the lost packet to the whole subgroup. Neither ﬂow control nor
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congestion control is considered. All feedback packets are delivered via an
out-of-band channel, so all feedback packets are delivered safely to proxies.
– Feedbacks and transmissions/retransmissions are limited only between
a proxy and the receivers of its subgroup and they do not reach receivers/proxies of any other subgroup. For this purpose, a new multicast
address per subgroup is assigned [2], or TTL (Time to live) may be used to
scope subgroup [4]. Additionally subcasting and TTL scoping can be used
simultaneously [5].
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Fig. 1. HRM model. We consider a single-source multicast tree where the root is
the unique source. The tree is divided into subgroups and feedbacks and transmissions/retransmissions are limited only between a proxy and the receivers of its subgroup.

2.2

Mean Delivery Delay Model

In this paper, we use a mean delivery delay model in Fig. 2, which reﬂects heterogeneity and locations of proxies. No queuing and transmission delay is considered
in this model and neither ﬂow control nor congestion control is considered. It is
assumed that packet losses at each link are independent [12]. A summary of the
used notations is given in Table 1.
E(Na,b ) can be written as follows, where t is inter-packet delay(gap):

1−
(1 − pi )
E(Na,b ) =

i∈ψ(a,b)



(1 − pi )

× t + La,b

(1)

i∈ψ(a,b)

E(DS,R(w) ) can be written in two cases as follows:
1) In case π(S, R(w)) = S (S is unique proxy between S and R(w)):



(1 − pi ) LS,R(w)+
E(DS,R(w)) =
i∈ψ(S,R(w))


(2)



1−
(1 − pi ) E(NS,R(w) ) + E(DS,R(w) )
i∈ψ(S,R(w))
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Fig. 2. Mean delivery delay model reﬂecting heterogeneity and locations of proxies in
which < p, d > on each link means < lossrate, deliverydelay >

Table 1. Notations for expected delivery model
Value

Description

La,b

Summation of delivery delays on all links between node a and node b

E(Na,b )

When node a is a proxy of node b, E(Na,b ) is the expected
inter-arrival time of two consecutive packets in node b (their
sequence numbers must be consecutive)

π(a, b)

Set of all proxies located on the path between node a and node b

θ(a, b)

Number of elements in the set π(a, b)

E(DS,R(w) ) Mean delivery delay from sender node S and receiver node R(w)
ψ(a, b)

Set of all links between node a and node b
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By eliminating E(DS,R(w) ) at the right side of (2), we obtain


1−
E(DS,R(w) ) = LS,R(w) +

(1 − pi )

i∈ψ(S,R(w))



(1 − pi )

E(NS,R(w) ).

(3)

i∈ψ(S,R(w))

2) In case θ(S, R(w)) ≥ 2 and node(j) ∈ π(S, R(w)):

E(DS,R(w) ) =


+ 1−





(1 − pi ) LS,node(j) + E(Dnode(j),R(w) )
i∈ψ(S,node(j))


(1 − pi ) E(NS,node(j) ) + E(DS,R(w) )


(4)

i∈ψ(S,node(j))



1−

(1 − pi )

i∈ψ(S,node(j))



E(DS,R(w) ) = LS,node(j) +

(1 − pi )

E(NS,node(j) ) + E(Dnode(j),R(w) )

i∈ψ(S,node(j))

(5)

By deﬁnition of E(DS,R(w) ), we obtain
1−
LS,node(j) +



(1 − pi )

i∈ψ(S,node(j))



(1 − pi )

E(NS,node(j) ) ≡ E(DS,node(j) ),

(6)

i∈ψ(S,node(j))

so E(DS,R(w) ) can be written as
E(DS,R(w) ) = E(DS,node(j) ) + E(Dnode(j),R(w) ),

(7)

and if node(k) ∈ π(node(j), R(w)), we obtain
E(Dnode(j),R(w) ) = E(Dnode(j),node(k) ) + E(Dnode(k),R(w) )

(8)

Thus by setting π(S, R) = S, proxy0 , proxy1 , , proxyz , we obtain an recursive
form as follows:
E(DS,R ) = E(DS,proxy0 ) + E(Dproxy0 ,proxy1 ) + ...
+ E(Dproxyz−1 ,proxyz ) + E(Dproxyz ,R )

(9)

So using this form, we can compute mean delivery delays of all receivers if
a set of proxies is known. This mean delivery delay model is also used as an
analytic model to evaluate our proxy placement method.
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Optimal Placement of Proxies

As the network size grows, the ways of selecting proxies increase dramatically.
So, ﬁnding optimal locations of proxies among these numerous ways becomes a
combinatorial problem with large computational cost. In this paper, we deploy
bottom-up dynamic programming formulation [15] to alleviate computational
cost. When selecting m proxies in the network size of k nodes, the computation of minimizing the mean delivery delay can be performed using O(k 2 m)
space.
3.1

The Dynamic Programming Formulation

First, a general HRM tree is converted into a binary tree by import of dummy
nodes. Fig. 3 shows an example of binary tree conversion. For each node u having
children uL and uR , for each θ, 0 ≤ θ ≤ θmax , where θmax is the maximum
number of nodes on that proxy can be placed, we can formulate the quantity
D(u, θ, v) in four diﬀerent cases with the additional notations in Table 2.
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Fig. 3. Conversion of general tree into its binary form with import of dummy nodes
X1 and X2
Table 2. Notations for the dynamic programming formulation
Value

Description

Tu

Set of nodes placed in subtree rooted at node u

Ru

Set of receivers placed in subtree rooted at node u

n(Ru )

Size of Ru

D(u, θ, v) Minimum total mean delivery delay of Ru from node v when θ proxies are
placed in Tu . Node v is a immediate proxy of node u.
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1) If u is a leaf node:
We need not locate proxy at u. Thus θ is always 0.
D(u, θ, v) = E(Dv,u )

(10)

2) If u is the sender,
Node u is a proxy itself by default, and it has no next-up proxy.
D(u, θ, −) =

min

[D(uL , θ , u) + D(uR , θ − θ − 1, u)]

0≤θ  ≤θ−1

(11)

3) If u is an intermediate node, and we put a proxy at node u:
D(u, θ, v) =

min

[D(uL , θ , u)+D(uR , θ −θ −1, u)+E(Dv,u)×n(Ru )] (12)

0≤θ  ≤θ−1

4) If u is an intermediate node, and no proxy is located at node u:
D(u, θ, v) = min
[D(uL , θ , v) + D(uR , θ − θ , v)]

0≤θ ≤θ

(13)

At each node, for each 0 ≤ θ ≤ θ and its feasible next up-level proxy v, we have
to check all possible partitions of θ to the left and right subtrees. Therefore, if
the size of a tree is n, the overall time complexity is bounded by O(n2 θ2 ).
3.2

Conﬁguration of Proxy Set

Our main purpose of this dynamic programming is to conﬁgure a set of proxies
that minimize the total mean delivery delay of all receivers. A proxy set can
be conﬁgured during the computation process of the matrix D. In this manner,
if n(Tu ) = n, we need an additional space of θ2 n. However, if conﬁguring a

Proxyset Proxy_Set(node u, size S) {
if (S == 1) {
Pu = Pu(S=1);
return Pu;
}
if (SuR
Pu
else //
Pu

+ SuL < S) // if u has a proxy
= Proxy_Set(uR, SuR) + Proxy_Set(uL, SuL) + {u};
if u has no proxy
= Proxy_Set(uR, SuR) + Proxy_Set(uL, SuL);

return Pu;
}
Fig. 4. Pseudo code for conﬁguring proxy set Pu . P roxy Set() is called recursively.
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Fig. 5. Mean delivery delay of all receivers with respect to the number of proxies

proxy set is preceded by the completion of computing D, it can be done with
an additional space of 3θn. The conﬁguring process can be implemented easily
using the recurrence as in Fig. 4. Each node u, as D(u, θ, −) are computed, stores
θuR = n(PuR ), θuL = n(PuL ), and Pu(θ=1) .

4

Numerical Evaluations

The performance of our proposal and the random placement method are
compared. Simulation topologies are generated by ToGenD[20]. Delivery delays
(10 ∼ 40ms) and loss rates of all links (0.0001 ∼ 0.1) are assigned heterogeneously. The multicast delivery tree is constituted using Dijikstra Algorithm
[21] in order to minimize the total delivery delay of all source-receiver pairs. We
assume that inter-packet gap is 25ms. Fig 5 shows the arithmetic average of
mean delivery delays of all receivers with respect to the number of proxies. As
expected, our proposal for the placement of proxies yields a lower mean delivery
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delay than the random placement method regardless of the number of proxies.
The computation is completed in a few tens of seconds on our Pentium IV
3.0GHz machine.

5

Conclusions

In this paper, we propose a scheme to conﬁgure repair proxies that can minimize mean delivery delay in heterogeneous network environments if proxy size
is limited to some value. We describe mean delivery delay model to reﬂect heterogeneity and locations of proxies, and apply dynamic programming in order
to conﬁgure an optimal proxy set in reasonable time. Also, we use the statistical
method to determine the time of proxy relocation. Through numerical evaluations, the performance of our proposal is compared with that of a method that
places the proxies randomly in the network.
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