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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 minimize the mean delivery delay of all receivers in heterogeneous networks using a dynamic programming approach. Additionally,
we evaluate how well the optimal proxies endure the link ﬂuctuations. The evaluation results of our 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. Moreover, we show that if
an optimal proxy set is conﬁgured once and if an application can tolerate a mean delivery delay increase of 2.5 ms, the proxy set can
sustain about 200% ﬂuctuation of link statistics. Our method can be used by network providers in order to reduce delivery delay in their
HRM network.
 2007 Elsevier B.V. All rights reserved.
Keywords: Hierarchical reliable multicast; Repair proxy; Dynamic programming

1. Introduction
Many hierarchical reliable multicast (HRM) protocols
deploy repair proxies that perform local recovery and feedback consolidation. A repair proxy can be set up as an
exclusive server [1–3] or can be designated among adequate
receivers [4,5].
The performance of HRM is evaluated by (1) delivery
delay, (2) bandwidth overhead due to local recovery and
feedback consolidation, and (3) inter-receiver fairness
[6,7,23,29]. Delivery delay is the time that is required to
successfully transmit a packet from the sender to a receiver.
Mean delivery delay is delivery latency of a packet between
the sender and a receiver with reﬂection of link heterogeneity and locations of repair proxies. Inter-receiver 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
*
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adjacent with a receiver that is susceptible to packet losses
and if the proxy is robust with packet losses, the recovery
and feedback traﬃc are limited to the proxy’s domain.
Additionally, packet recovery time can be reduced, and
therefore better mean delivery delay and inter-receiver fairness can be obtained. [31] demonstrates that local recovery
mechanisms are much more robust and eﬃcient in recovering from single or multiple packet losses within a single
round-trip time (RTT).
Related with placement of proxies, many researches
have focused on minimizing bandwidth overhead caused
by recovery and feedback traﬃc [8–10,13,30] 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. Li et al. [14] suggest 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.
Low delivery delay is an important issue of real time
applications like multi-conference system [25], interactive
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distributed simulations, distributed games or delivery of
MPEG I-frames [22]. Besides time constraint, low delays
are vital for providing high throughput with a windowbased sending scheme [24], and the low delay is essential
to increase responsiveness in web services. 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 the mean delivery delay using a dynamic programming formulation. In
addition, we verify the stability of optimal proxies under
the ﬂuctuations of link statistics.
The rest of paper is organized as follows. In Section 2,
we explain the HRM model used in this paper and describe
a 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 are presented
in Section 5.
2. HRM and delivery delay model
In this section, we describe the 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).
(1) The root of a multicast tree is the unique source, all
leaves are receivers, and each intermediate node can
be assigned to a proxy [1,2,3].
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(2) The topology of the 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. Levien et al. [16–18,27]
describe a way of establishing a control tree that is
identical to its underlying multicast tree and how to
collect link loss statistics. Especially, Caceres and
Presti [26,28] propose methods to infer per-link loss
rates and delays. Due to the dynamic nature of memberships and network environments, it is hard to
acquire the exact link statistics quickly in the real
world. However, using our proposed method, the locations of proxies can be obtained in a few tens of seconds
with the network size of 1000 nodes. Also, we verify the
stability of our method under a dynamic network environment. Finally, even if topology and statistical information is not known in real life, our method may still
be useful for comparison and assessment purposes.
(3) 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 [1,2,3,5,8,19].
(4) A proxy multicasts the original data to its own subgroup. Each receiver sends feedback (NACK or
Immediate ACK) to its proxy when a packet loss is
detected, and the proxy retransmits the lost packet
to the whole subgroup. Neither ﬂow control nor congestion control is considered. All feedback packets
are delivered via an out-of-band channel, so all feedback packets are delivered safely to proxies.
(5) Feedback, transmission and retransmission 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 the subgroup [4]. Additionally subcasting and TTL scoping can be used
simultaneously [5].

2.2. Mean delivery delay model
P

P

subgroup #2

subgroup #1

..
.

.. .. ..
. . .

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 feedback
and transmissions/retransmissions are limited only between a proxy and
the receivers of its subgroup.

In this paper, we use a mean delivery delay model in Fig. 2,
which reﬂects heterogeneity and locations of proxies. 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.
According to [7], the number of subsequent lost packets
follows the expectation of the geometric distribution. Thus
if we denote the number of subsequent lost packets that are
lost on the path between proxy a and receiver b as nab, the
following equation holds
Q
1  i2wða;bÞ ð1  piÞ
:
ð1Þ
nab ¼ Q
i2wða;bÞ ð1  piÞ
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2.3. In case p(S, R(w)) = {S} (S is a unique proxy between
S and R(w))

S
<p0, d0>

<p1, d1>
.
.
.

.
.
.

.
.
.

<pj-1, dj-1>

Since there is no proxy between the source S and receiver R(w), a packet dropped on the path between S and
R(w) can be recovered from only S. Thus E(DS,R(w)) is
expressed as Eq. (4), where PS,R(w) and RcvS,R(w) are the
probability that there is no packet loss and the delay
required to recover a packet loss on the path between S
and R(w), respectively
EðDS;RðwÞ Þ ¼ P S;RðwÞ  LS;RðwÞ þ ð1  P S;RðwÞ Þ  RcvS;RðwÞ : ð4Þ

j

And RcvS,R(w) is composed of the packet loss detection delay at R(w), the delay to deliver feedback (NACK or immediate ACK) to S and retransmission delay from S. Thus

<pj, dj>
.
.
.

RcvS;RðwÞ ¼ EðN S;RðwÞ Þ þ EðDS;RðwÞ Þ
and

<pk-1, dk-1>

P S;RðwÞ ¼

k

Y

ð1  piÞ:

ð5aÞ

ð5bÞ

i2wðS;RðwÞÞ

<pk, dk>

Consequently E(DS,R(w)) is
"
#
"
Y
ð1  piÞ LS;RðwÞ þ 1 
EðDS;RðwÞ Þ ¼

.
.
.

i2wðS;RðwÞÞ

<pn, dn>

 



 E N S;RðwÞ þ E DS;RðwÞ :

Y

#
ð1  piÞ

i2wðS;RðwÞÞ

ð6Þ

R(w)

Fig. 2. Mean delivery delay model reﬂecting heterogeneity and locations
of proxies in which <p, d> on each link means <loss rate, delivery delay>.

Table 1
Notations for expected delivery model

ð7Þ

Value

Description

La,b

Summation of delivery delays on all links between node a and
node 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 are consecutive)
Set of all proxies located on the path between node a and
node b.
Number of elements in the set p(a, b)
Mean delivery delay from sender node s and receiver node
R(w)
Set of all links between node a and node b.

E(Na,b)

p(a, b)
h(a, b)
E(DS, R(w))
w(a, b)

By eliminating E(DS,R(w)) at the right side of Eq. (6), we
obtain
Q
1  i2wðS;RðwÞÞ ð1  piÞ 

Q
EðDS;RðwÞ Þ ¼ LS;RðwÞ þ
E N S;RðwÞ :
i2wðS;RðwÞÞ ð1  piÞ

2.4. In case h(S, R(w)) P 2 and node(j) 2 p(S, R(w))
In this case, node(j) located on the path between S and
R(w) plays a role of a proxy for R(w). Thus a packet
dropped on the path between node(j) and R(w) can be
recovered by node(j). A packet dropped on the path
between S and node(j) should be recovered from S. Now
the expected delivery delay between S and R(w) is
expressed as
time to detect a packet loss at nodeðjÞ

In our HRM model, a receiver recognizes a packet loss by
detecting packet sequence missing. Thus the required time
to detect a packet loss at receiver b is written as follows,
where t is inter-packet delay (gap)
ðnab þ 1Þ  t:

ð2Þ

Thus E(Na,b) can be written as follows, where La,b indicates
the delay that is needed by receiver b to deliver NACK or
immediate ACK to proxy a through out-of-band channel
EðN a;b Þ ¼ ðnab þ 1Þ  t þ La;b :
E(DS,R(w)) can be written in two cases as follows:

ð3Þ

þ feedback transmission delay from nodeðjÞ to S
þ EðDs;RðwÞ Þ:
Therefore if node(j) is a proxy on the path between source S
and receiver R(w) (refer Fig. 2), E(DS,R(w)) is expressed as
follows:





E DS;RðwÞ ¼ P S;nodeðjÞ  LS;nodeðjÞ þ E DnodeðjÞ;RðwÞ


þ 1  P S;RðwÞ  RcvS;RðwÞ :
ð8Þ
And RcvS,R(w) is composed of the packet loss detection delay at node(j), delay to deliver feedback (NACK or imme-
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diate ACK) to S and expected delivery delay required to
retransmit the lost packet to R(w) from S. Thus




ð9Þ
RcvS;RðwÞ ¼ E N S;nodeðjÞ þ E DS;RðwÞ :
Consequently E(DS,R(w)) is
"

Y

EðDS;RðwÞ Þ ¼

ð1  piÞ

#




LS;nodeðjÞ þ E DnodeðjÞ;RðwÞ

i2wðS;nodeðjÞÞ

"

þ 1

Y

#
ð1  piÞ

For each node u having children uL and uR, for each k,
0 6 k 6 kmax, where kmax is the maximum number of nodes
on that proxy can be placed, we can formulate the quantity
D(u, k, v) in four diﬀerent cases with the additional notations in Table 2:
(1) If u is a leaf node:
We need not locate proxy at u. Thus k is always 0




EðN S;nodeðjÞ Þ þ E DS;RðwÞ :

i2wðS;nodeðjÞÞ

ð10Þ

Q
1  i2wðS;nodeðjÞÞ ð1  piÞ 

E N S;nodeðjÞ
EðDS;RðwÞ Þ ¼ LS;nodeðjÞ þ Q
i2wðS;nodeðjÞÞ ð1  piÞ


ð11Þ
þ E DnodeðjÞ;RðwÞ :
By deﬁnition of E(DS,R(w)), we obtain
Q
1  i2wðS;nodeðjÞÞ ð1  piÞ 

E N S;nodeðjÞ
LS;nodeðjÞ þ Q
ð1

piÞ
i2wðS;nodeðjÞÞ


 E DS;nodeðjÞ :

Dðu; k; vÞ ¼ EðDv;u Þ:

ð16Þ

If u is not a leaf node, we can compute D at u [denoted as
D(u, k, v)] by summation of D at uL [denoted as D(uL, k, v)]
and D at uR [denoted as D(uR, k, v)] since the tree is binary
form (see Fig. 4).
(2) If u is the sender,
Node u is a proxy itself by default, and it is not assigned to
any proxy
Dðu; k; Þ ¼ min
½DðuL ; k 0 ; uÞ þ DðuR ; k  k 0  1; uÞ:
0
06k 6k1

ð17Þ
ð12Þ

so E(DS,R(w)) can be written as






E DS;RðwÞ ¼ E DS;nodeðjÞ þ E DnodeðjÞ;RðwÞ ;

ð13Þ

and if node(k) 2 p(node(j),R(w)), we obtain






E DnodeðjÞ;RðwÞ ¼ E DnodeðjÞ;nodeðkÞ þ E DnodeðkÞ;RðwÞ :

ð14Þ

Thus by setting p(S, R) = {S, proxy0, proxy1, . . . , proxyz},
we obtain a recursive form as follows:
EðDS;R Þ ¼ EðDS;proxy0 Þ þ EðDproxy0;proxy1 Þ þ   
þ EðDproxyz1;proxyz Þ þ EðDproxyz;R Þ:

2165

ð15Þ

(3) If u is an intermediate node, and we put a proxy at
node u
Dðu; k; vÞ ¼ min
½DðuL ; k 0 ; uÞ þ DðuR ; k  k 0  1; uÞ
0
06k 6k1

þ EðDv;u Þ  nðRu Þ:

ð18Þ

(4) If u is an intermediate node, and no proxy is located
at node u
Dðu; k; vÞ ¼ min
½DðuL ; k 0 ; vÞ þ DðuR ; k  k 0 ; vÞ:
0
06k 6k

ð19Þ

The proof of the above dynamic programming is shown
in Appendix A.

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.
3. 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 the computational cost. When selecting k
proxies in the network size of m nodes, the computation
of minimizing the mean delivery delay can be performed
using space of O(m2k).
3.1. Dynamic programming formulation
At First a HRM tree should be converted into a binary
form by import of dummy nodes in order to adapt the
dynamic programming formulation. Fig. 3 shows an example of binary tree conversion.

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
Ru
n(Ru)
D(u, k, v)

Set of nodes placed in subtree rooted at node u
Set of receivers placed in subtree rooted at node u
Size of Ru
Minimum total mean delivery delay of Ru from node v, when
k proxies are placed in Tu. Node v is an immediate proxy of
node u
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D(u, k, v)
D(u, k, v)

E(Dv, u )

v

D(uL, k', v)

v

D(uR, k-k', v)

D(uR, k-k'-1, u)
D(uL, k', u)

u

uL

u

uR

uR

uL

Proxy at node u

No proxy at node u

Fig. 4. Illustration of dynamic programming for D(u, k, v) in a tree.

At each node, for each 0 6 k 0 6 k and its feasible next
up-level proxy v, we have to check all possible partitions
of k 0 to the left and right subtrees. Therefore, if the size
of a tree is n, the overall time complexity is bounded by
O(nhk) where h is the height of a tree.

Dð1; 0; 0Þ ¼Dð4; 0; 0Þ þ DðX 2 ; 0; 0Þ
¼Dð4; 0; 0Þ:
(c)

Dð3; 1; 0Þ ¼ Dð5; 0; 3Þ þ Dð6; 0; 3Þ þ EðD0;3 Þ  2
Dð3; 1; X 1Þ ¼ Dð5; 0; 3Þ þ Dð6; 0; 3Þ þ EðDX 1;3 Þ

3.2. Computation procedure on example topology
Now we describe the computation procedure of
D(0, 2, ) on a simple example topology in Fig. 3.
(1) Due to our bottom-up approach, the computations
must be performed on the leaf nodes ﬁrst. Thus we
compute D(4,0,0), D(4, 0, 1), D(2, 0, 0), D(5, 0, 0),
D(5, 0, X1), D(5, 0, 3), D(6, 0, 0), D(6, 0, X1), D(6, 0, 3),
D(X2, 0, 1) and D(X2, 0, 0) as follows:
Dð4; 0; 0Þ ¼ EðD0;4 Þ;
Dð4; 0; 1Þ ¼ EðD1;4 Þ;
Dð2; 0; 0Þ ¼ EðD0;2 Þ;
Dð5; 0; 0Þ ¼ EðD0;5 Þ;
Dð5; 0; X 1 Þ ¼ EðDX 1;5 Þ ¼ EðD0;5 Þ;
Dð5; 0; 3Þ ¼ EðD3;4 Þ;
Dð6; 0; 0Þ ¼ EðD0;6 Þ;
Dð6; 0; X 1 Þ ¼ EðDX 1;5 Þ ¼ EðD0;6 Þ;
Dð6; 0; 3Þ ¼ EðD3;6 Þ;
DðX 2 ; 0; 1Þ ¼ DðX 2 ; 0; 0Þ ¼ 0:

D(3, 1, 0) and D(3, 1, X1): when we locate a
proxy at node 3

¼ Dð5; 0; 3Þ þ Dð6; 0; 3Þ þ EðD0;3 Þ:
(d)

D(3, 0, 0) and D(3, 0, X1): when we do not locate
a proxy at node 3
Dð3; 0; 0Þ ¼ Dð5; 0; 0Þ þ Dð6; 0; 0Þ
Dð3; 0; X 1 Þ ¼ Dð5; 0; X 1 Þ þ Dð6; 0; X 1 Þ:

(3) Next we can compute D on node X1. We cannot put
any proxy on node X1. Thus only one proxy can be
located in Tx1 (on node 3)
DðX 1 ; 0; 0Þ ¼ Dð2; 0; 0Þ þ Dð3; 0; 0Þ
DðX 1 ; 1; 0Þ ¼ Dð2; 0; 0Þ þ Dð3; 1; 0Þ:
(4) Finally, we can compute D(0, 2, ). In accordance
with our assumption in HRM model (Section 2.1),
there is a proxy on node 0 by default
Dð0; 2; Þ ¼ min½Dð1; 1; 0Þ þ DðX 1 ; 0; 0Þ; Dð1; 0; 0Þ þ DðX 1 ; 1; 0Þ:

D(0,2) can be expanded as follows:

Dð0;2;Þ ¼ min

(2) Next we can compute D on the next up-level nodes 1
and 3 using the results obtained at step (1) as follows:
(a) D(1, 1, 0): when a proxy is put at node 1
Dð1; 1; 0Þ ¼Dð4; 0; 1Þ þ DðX 2 ; 0; 1Þ þ EðD0;1 Þ  1
¼Dð4; 0; 1Þ þ EðD0;1 Þ  1:
(b)

D(1, 0, 0): when we do not locate a proxy at
node 1

fEðD0;1 ÞþEðD1;4 ÞgþfEðD0;2 ÞgþfEðD0;5 ÞgþfEðD0;6 Þg;
fEðD0;4 ÞgþfEðD0;2 ÞgþfEðD0;3 Þ2þEðD3;5 ÞþEðD3;6 Þg:



The ﬁrst equation is the total mean delivery delay of
all receivers (node 4, node 2, node 5, node 6) when
proxies are located at node 0 and 1. The second one
reﬂects the placement of proxies at node 0 and 3.
Observing the expanded forms, we can verify easily that
the results are same as our mean delivery delay model
(Section 2.2).
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Output: Proxyset Pu

80

Proxyset Proxy_Set(node u, size k) {

78

2167

Optimal
Random

Pu = Pu(when k=1);
return Pu;
}
if (kuR + kuL < k) // u has a proxy
Pu = Proxy_Set(uR, kuR) ∪

Mean Delivery Delay (ms)

76

if (k == 1) {

Proxy_Set(uL, kuL) ∪ {u};

74
72
70
68
66
64

else // u has no proxy
Pu = Proxy_Set(uR, kuR) ∪ Proxy_Set(uL, kuL);

0

10

20

30

40

50

Number of Proxies

(a) n(T)=200, n( R)=72, max[n(P)]=50

return Pu;
}
88

Fig. 5. Pseudo code for conﬁguring proxy set Pu. Proxy_Set() is called
recursively.

Optimal
Random

86

3.3. Conﬁguration of proxy set
Our main purpose of this dynamic programming is to
conﬁgure a set of proxies that minimizes 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
k2n. However, if conﬁguring a proxy set is preceded by
the completion of computing D, it can be done with an
additional space of 3kn.
The conﬁguring process can be implemented easily using
the recurrence as in Fig. 5. Each node u, as D(u, k, ) are
computed, stores kuR = n(PuR), kuL = n(PuL), and Pu (when
k = 1).
4. Numerical evaluations
4.1. Mean delivery delay of all receivers
The performance of our proposal and the random placement method are compared. Simulation topologies are generated by ToGenD[20]. Delivery delays (10  40 ms) and
loss rates of all links (0.0001  0.1) are assigned heterogeneously. The multicast delivery tree is constituted using
the Dijikstra Algorithm [21] in order to minimize the total
delivery delay of all source-receiver pairs. We assume that
inter-packet gap is 25 ms.
Fig. 6 shows the arithmetic average of mean delivery
delays of all receivers with respect to the number of
proxies. The legend ‘Optimal’ indicates the min. total
delivery delay obtained when we locate proxies using
our proposal, the dynamic programming formulation.
The ‘Random’ means the total delivery delay obtained

Mean Delivery Delay (ms)

84
82
80
78
76
74
72
70
68
0

50

100

150

200

250

Number of Proxies

(b) n(T)=1000, n( R)=331, max[n( P)]=244
Fig. 6. Mean delivery delay of all receivers with respect to the number of
proxies.

when the proxies are located randomly. As expected,
our proposal for the placement of proxies yields a lower
mean delivery 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
3.0 GHz machine.
4.2. Stability of optimal proxies
If the ﬂuctuation of link statistics may force frequent
proxy relocations to alleviate the degradation of performance, it may diﬃcult to deploy our method in real
dynamic network environments. Thus we need to verify
the stability of our method under such ﬂuctuations. In this
paper, our focus is not to verify the stability under the
degradations of link statistics. If the link statistics get
worse, the total mean delivery delay will increase with no
regard to the proxy relocation.
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1

We assume that the statistics of each link ﬂuctuates on every intermeasurement. So if we attempt to measure 8 times, we generate ﬂuctuation
seven times. In this situation, we want to show how our proposal endures
on long term ﬂuctuations. Therefore we obtain and compare the mean
delivery delay before ﬂuctuation – means from the ﬁrst measurement and
after the seventh ﬂuctuation – means from the eighth measurement.

40

Proxy Size - 60
Proxy Size - 110
Proxy Size - 160
Proxy Size - 210

35

Differences between proxy sets

For the simulation, artiﬁcial ﬂuctuations have been
adapted to every link on the simulation topology, and
the diﬀerence is measured between the optimal proxy sets
before and after ﬂuctuation. A maximum ﬂuctuation rate
is given, and measurements are repeated eight times. It is
assumed that the loss rate and delay of every link ﬂuctuate
on every measurement.
First, we measure the number of diﬀerent proxies
between the two proxy sets. The proxy size in each ﬁgure
means the number of deployed proxies. Each proxy set is
conﬁgured optimally reﬂecting the ﬁrst and eighth measurement, respectively.1 Fig. 7 plots the number of diﬀerent proxy nodes between the two proxy sets when only
the per-link loss rate ﬂuctuates. Fig. 8 plots the number
of diﬀerent proxies when only the per-link delay ﬂuctuates. Fig. 9 plots the number of diﬀerent proxies when
the loss rates and delays ﬂuctuate simultaneously. As
expected, the number of diﬀerent proxies increases as
the maximum ﬂuctuation rate increases. Since the number of available node that can be selected as proxies
decrease as the proxy size grows, the diﬀerences in the
case of proxy size 110 are larger than that in the case
of proxy size 210. Next, we observe the inﬂuence of
the number of diﬀerent proxies between each measured
sets on the mean delivery delay.
First, we conﬁgure an optimal proxy set reﬂecting the
ﬁrst measured link statistics. Then, we adapt this proxy
set to the eighth measured link statistics and compute the
arithmetic average mean delivery delay of all receivers.
Finally, we compute the gap between this average mean
delivery delay and the measured one when the proxy set
is conﬁgured optimally reﬂecting the eighth link statistics.
By doing so, we check the stability of the proxy set under
the ﬂuctuating state.
Fig. 10 plots the gaps with respect to the maximum ﬂuctuation rate. As shown in the graph, the gap increases as
the maximum ﬂuctuation rate increases. In these simulations, the gap is measured to be below 2.5 ms under about
200%’s ﬂuctuation rate. When ﬂuctuation rate is above
250%, the gap is measured to be more than 5ms. If an
application does not allow a mean delay increase of above
5ms, the proxy set must be reconﬁgured at the ﬂuctuation
rate of 250%. Also this result says that, fewer than 200%
ﬂuctuation of the link statistics, if once a proxy set is conﬁgured optimally, and if an application can tolerate a mean
delivery delay increase of 2.5 ms, the original proxy set can
be maintained.
We can describe the above result more formally using
the expected delivery delay model.
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Fig. 7. The number of diﬀerent proxy nodes between the proxy sets with
respect to the max ﬂuctuation rate of per-link loss rate. Each proxy set is
conﬁgured according to the ﬁrst and the eighth measured loss rates.
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Fig. 8. The number of diﬀerent proxy nodes between the proxy sets with
respect to the max ﬂuctuation rate of per-link delay. Each proxy set is
conﬁgured according to the ﬁrst and the eighth measured delays.

In a HRM Tree T, let S be the root of T and
{R1, . . . , Rk} be the set of receivers in T, that is
Rs = {R1, . . . , Rk}, and we denote the minimum total delivery delay of all receivers in T on mth measurement as
Dm(S, k, ) and deﬁne the value Gap as follows:
Gap ¼ D8 ðS; k; Þ  D1 ðS; k; Þ:

ð20Þ

If we denote the expected delivery delay between node a
and b and that is obtained on m-th measurement as
Em(Da,b),
Gap ¼

X
Ri2R

E8 ðDS;Ri Þ 

X
Ri2R

E1 ðDS;Ri Þ:

ð21Þ
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Fig. 11. Proxy set for receiver Ri.

If we let Pi(={1i(=S), 2i, . . .}) be the set of proxies for
receiver Ri as shown in Fig. 11, then by using Eq. (15),
the following equation holds where h(i) = |Pi|.


Em ðDS;Ri Þ ¼ Em ðDS;2i Þ þ EðD2i;3i Þ þ    þ E DðhðiÞ1Þi;hðiÞi


ð22Þ
þ E DhðiÞi;Ri :

20
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0.5

Max fluctuation rate

Fig. 9. The number of diﬀerent proxy nodes between the proxy sets when
the per-link loss rates and delays are ﬂuctuate simultaneously.

If we let pmj be the packet loss rate of link j obtained at mth
measurement, the expected number of retransmissions between proxy (z  1)i and zi at mth measurement is


Q
1  j2wððz1Þi;ziÞ 1  pmj

 :
Q
PRim
ð23Þ
z1;z ¼
m
j2wððz1Þi;ziÞ 1  p j
Since there can be no other proxy between (z  1)i and zi,
using the Eq. (7), Em(D(z1)i,zi) is computed as follows:




ð24Þ
Em Dðz1Þi;zi ¼ Lmðz1Þi;zi þ PRim
z1;z E N ðz1Þi;zi :

0.18
0.16

Mean delay differences (ms)

Eq. (24) can be rewritten using Eq. (3) as follows:

h
i


im
m
Em Dðz1Þi;zi ¼ Lmðz1Þi;zi þ PRim
PR
þ
1
t
þ
L
z1;z
z1;z
ðz1Þi;zi :

Proxy Size - 30
Proxy Size - 60
Proxy Size - 110
Proxy Size - 160
Proxy Size - 210

0.14
0.12

ð25Þ
Consequently,

0.10
0.08

Gap ¼

0.06

hðiÞ h

X
8
1
L

L
zi;ðzþ1Þi
zi;ðzþ1Þi
Ri2R
z¼1




i1
i1
þ PRi8
PRi8
z;ðzþ1Þ  PRz;ðzþ1Þ
z;ðzþ1Þ þ PRz;ðzþ1Þ þ 1 t
i
i8
i1
i1
L

PR
L
þPRi8
ð26Þ
z;ðzþ1Þ zi;ðzþ1Þi
z;ðzþ1Þ zi;ðzþ1Þi :
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(a) Max fluctuation rate: 0.01–0.8
25

Proxy Size - 30
Proxy Size - 60
Proxy Size - 110
Proxy Size - 160
Proxy Size - 210

20

Mean delay differences (ms)

X

Using Eq. (26), a network manager can predict the degradation amount of total delivery delay in accordance with
the ﬂuctuation of each link statistics, and he (or she) is able
to determine when the proxies are to be relocated. When
the above simulation topology suﬀers 200% of ﬂuctuation,
we can predict that average delivery delay of all receivers
increase about 2.5 ms using Eq. (26).
5. Conclusions

15
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0

1.0

1.5

2.0

2.5

3.0

(b) Max fluctuation rate: 0.96–3.0

Fig. 10. Diﬀerences of all receivers’ average mean delay between the two
proxy sets that are located using the ﬁrst and eighth measured link
statistics, respectively.

In this paper, we propose a scheme to conﬁgure repair
proxies that minimizes a mean delivery delay in heterogeneous network environments. We describe a mean delivery
delay model to reﬂect heterogeneity and locations of proxies, and apply dynamic programming to conﬁgure an optimal proxy set in reasonable time.
Through numerical evaluations, the performance of our
proposal is compared with that of a random method. Additionally, we observe that the optimally conﬁgured proxy set
can be maintained without the signiﬁcant degradation of
the mean delay even under 250%’s ﬂuctuation of the link
statistics.
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Appendix A
In this appendix, we describe the proof of equations in
the dynamic programming
(1) If u is a leaf node:
Node u has no child. Thus D(u, k, v) is the mean
delivery delay from v to u. So simply (see Fig. 12)

Fig. 14. Illustration of case (3).

Dðu; k; vÞ ¼ EðDv;u Þ:

D(u, k, v)

(2) If u is a sender:
If k 0 proxies are placed in TuL, TuR has k–k 0 –1 proxies. In addition, both uL and uR are assigned to their
immediate proxy u. Thus (see Fig. 13)

D(uL, k', v)

v

D(uR, k-k', v)

Dðu; k; Þ ¼ min
½DðuL ; k 0 ; uÞ þ DðuR ; k  k 0  1; uÞ:
0

u

06k 6k1

(3) In case u is an intermediate node, and we put a proxy
at u:
If k 0 proxies are placed in TuL, TuR has k–k 0 –1 proxies. Thus the minimum total delay of Ru is
D(uL, k 0 , u) + D(uR, k–k 0 –1, u). In addition we obtain
the minimum total mean delivery delay of Ru from v
by addition of E(Dv,u) · n(Ru). Therefore (see Fig. 14)

uL

uR

Fig. 15. Illustration of case (4).

Dðu; k; vÞ ¼ min
½DðuL ; k 0 ; uÞ þ DðuR ; k  k 0  1; uÞ
0
06k 6k1

þ EðDv;u Þ  nðRu Þ:

E(Dv, u )

v

u

Fig. 12. Illustration of case (1).

(4) In case u is an intermediate node, and no proxy is
located at u:
If k 0 proxies are placed in TuL, TuR has k–k 0 proxies
since no proxy is placed at u. Thus the total mean
delivery delay of Ru from v is (see Fig. 15)
½DðuL ; k 0 ; vÞ þ DðuR ; k  k 0 ; vÞ:
Dðu; k; vÞ ¼ min
0
06k 6k

D(uR, k-k'-1, u)
D(uL, k', u)
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