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Virtual Direction Multicast: An Efficient Overlay
Tree Construction Algorithm

Suat Mercan and Murat Yuksel

Abstract: In this paper, we propose virtual direction multicast
(VDM) for video multicast applications on peer-to-peer ovelay
networks. It locates the end hosts relative to each other basl on
a virtualized orientation scheme using real-time measuremnts. It
builds multicast tree by connecting the nodes, which are eishated
to be in the same virtual direction. By using the concept of di
rectionality, we target to use minimal resources in the unddying
network while satisfying users’ quality expectations. We ompare
VDM against host multicast tree protocol. We simulated the poto-
col in a network simulator and implemented in PlanetLab. Resilts
both from simulation and PlanetLab implementation show tha our
proposed technique exhibits good performance in terms of dmed
metrics.

Index Terms. Overlay multicast, path stretch, peer-to-peer, peer-
to-peer TV.

[. INTRODUCTION

implemented by integrating additional algorithms andeatib
routers. Internet service providers (ISPs) are reluctarsutp-
port IP multicast because it introduces extra workload amd-c
plicates network management. Since IP multicast does ot ge
much support from network operators, application layer-mul
ticast (ALM) [9]-[19] has emerged as a promising solution to
achieve the multicast functionality. The idea is to estkbéi vir-

tual network among end-hosts, each of which not only reseive
the stream but also forwards to other end-hosts. ALM does not
require support from network layer routers. Only the endtbio
constitute multicast group, which moves functionalityrfréhe
network layer to the application layer. This makes ALMs easy
to deploy across multiple ISP domains and underlying nekwor
technologies. Although backbone-level multicast streanaip-
plications such as IPTV will serve a particular need, owerla
multicast streaming will likely be the ubiquitous solutitmthe
multimedia delivery to the end points.

Among other things, the key to the efficient overlay multicas

ECENTLY emerged Internet applications such as Intern@étd is to constructing an efficient and robust overlay nualst
Rprotocol television (IPTV) [3]-[5] tele-conferencing andre€e, which is a challenging task. An inefficient overlaygtreay
online education requires group communication, also knasvncause multicast traffic to traverse the same underlyingipalys
multicast. The fact that the Internet bandwidth has beccane ¢inks multiple times and defeat the whole purpose of mudtica

pable of carrying data-rich multimedia applications briotte

ting. Likewise, an unhealthy overlay tree may cause sigaritic

expansion of Internet usage as well. The Internet protd&9l ( disconnections and traffic loss when failures happen inee-o
convergence is progressing and content providers areascrday and underlying network. Being able to respond to apptca
ingly transporting multimedia content over the InternetulM requirements and goals while keeping the overlay tree effci
timedia streaming and live video distribution applica@uch from the network’s perspective is one of the goals of thiskwor

as IPTV, peer-to-peer TV (P2PTV) [6], [7] are already consti In this paper, we propose a new P2P multicast streaming tech-
tuting a significant portion of the Internet traffic and exjgelc nique, called virtual direction multicast (VDM). VDM focas

to grow further in near future. This unavoidable trend of-coron tree construction method to reduce redundant data tiansm
verging video and multimedia traffic on to the Internetidingl sion and failure recovery to decrease data reception outage
for mechanisms with efficient and scalable transfer of aurtte  der churn. We aim to find the most appropriate parent for a
many receivers from a single source. Such content delieerygeer so that data travels the minimum possible path. To con-
many receivers is desired to be seamless to the multi-peoviderge on a tree with a minimal source-receiver delay, we ex-

operation of the Internet.

ploit round-trip times (RTTs) to measure “virtual distastbe-

Many researchers have put their research focus on achieviwgen peers. VDM uses an iterative approach by selecting a
a robust and efficient way of sending traffic via multicastt-Nechild which is in the same “virtual direction”. The iteragiypro-

work layer multicast, a.k.a. IP multicast [8] attracted #igen-

cess continues until the best potential parent is found.Kelye

tion for years; however, it has not become a widely used proidea is to connect the nodes which are in the same virtual di-
col because of its various deployment issues. IP multicast wection so that we try to minimize the source-destinatioth pa
proposed to provide efficient group communication, and @n kength for the overall multicast structure.
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Key contributions and findings of our work are as follows:

« \irtual directionsasamulticast embedding. We introduce the
idea of using virtual directions as an embedding to establis
overlay multicast trees. Even though the concept of virtual
directions was used for routing P2P networks earlier [20] us
ing the concept for establishing multicast trees was netltri
before.

« Multicast tree construction using virtual directionality on a
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line. We detail an overlay multicast tree construction alg@s churn, makes tree maintenance harder. Ungraceful edit ma
rithm, VDM, using virtual directionality on one dimensionby a peer may cause interruption of data reception at its de-
i.e., a line. We inspect each possible case and illustrate hscendants. When such ungraceful exits happen, the orpkasn pe
an arbitrary overlay tree could be embedded as a set of arezd to be quickly reconnected to another parent. Long &ad fr
dimensional relationships of virtual directions. We comgpaquent data outage is not acceptable for real-time applicsyi
VDM'’s performance against the most similar overlay multiand thusrobustness against churn is of crucial importance for
cast technique, Hessian message transport protocol (HMT®&)erlay multicasting.

that uses delay-based proximity of the nodes to establish th Moreover, large volume of data is transmitted in multimedia
tree. Our results show that one dimensional embedding Gguplications, which requireavoiding redundant transmission
successfully outperform HMTP by using only one dimersf the multicast traffic. The reason for client/server moaied
sional virtual directions. being feasible for these applications is that the data ¢rtiis
Virtual directions customized for application needs. We de- to be sent to each receiver separately which uses up barfdwidt
sign a way of generalizing the “distance” on virtual direcand server power. IP multicast is the best solution frompkis
tions and abstract different metrics (delay or loss) to egsr spective, if we disregard its deployment shortcomings @n th
the virtual distance. Via this generalization, we show that Internet. IP multicast prevents duplicate transmissionsesit
overlay trees being calculated by VDM can be customized foonstructs the multicast tree at the router level. So, ALM-ca
application sensitive to different performance metricgsas not solve this problem as optimum as IP multicast, and causes
delay or loss. redundant transmissions due to overlapping of overlayslioik
Distributed implementation of VDM. We detail how join and the same router level links. It is crucial to minimize the amb
leave procedures could be done for VDM. We show that such redundant transmissions by efficiently constrgcaind
VDM can survive well against churn in the P2P network. Fumaintaining the overlay multicast tree.

ther, we implement VDM on PlanetLab and experiment with One of the drawbacks of ALMs is being deprived of under-
real traffic streams showing its sustained performance on lging network structure knowledge. This makes it hard to-con
alistic settings like the PlanetLab. struct efficient multicast data paths. This could be solwedd>

We organize our paper as follows: We start with a compriirg some on-the-fly measurements. Most commonly used tech-
hensive discussion of key issues in designing overlay multiique is to measure distances between peers as RTTs. Some geo
cast schemes and survey related work in Section Il. Sectionlbcation techniques which estimate geographical locatioan
gives a detailed description of our VDM protocol. Then, VDMP address, topology maps and network coordinate systems al
is compared to HMTP. Simulation setup and results of a coran be used to overcome this problem. In general, measutemen
parative performance evaluation of VDM are presented in Sesf underlying network and utilization of this informatiom¢on-

tion IV. Section VI presents implementation and resultskamP struct overlay tree is a key issue in ALM design.

etLab. Finally, in Section VII, we summarize our work withnco

clusions. B. Previous Work
Since the emergence of ALM concept, numerous algorithms
Il. RELATED WORK have been proposed using different techniques to achieve-a s
_ cessful overlay tree for live video streaming. Overlay retw
A. Overlay Multicast Issues construction techniques can be classified into two main-cate

ALM is flexible and easy to deploy, but its performance heagories according to their structure [21]: mesh-based ageh tr
ily depends on how the overlay multicast tree is construdthd based.
common goal of all ALM methods is to obtain an efficient and In the mesh-based approach, either nodes join to multigle di
robust overlay multicast tree. However, the criteria féeetive- joint trees (e.g., SplitStream [15] and ChunkySpread [D8])
ness of the overlay multicast tree can be various dependingahoose a set of neighbors to create a mesh topology (e.d-, Coo
the application goals. For example, live multimedia striegm Streaming [22], Narada [10], MeshTree [23]). This approiach
is a real-time application that requiresnimal delay, where the known as a pull-based mechanism. An important characteris-
delay is defined as the time needed for a packet to reach itstie-of the mesh-based approaches is their robustness ta;chur
ceiver(s). The data packets should ideally traverse thanmim but they are more costly to maintain due to the higher control
path while being transferred from the source to the destingt overhead, which also limits scalability. They trade off moo-
however, the end-to-end delay might be longer due to a highstness with more overhead. In general, the mesh-based ap-
number intermediate nodes as a result of an inappropri@te oyproaches are not satisfactory in terms of network resousee u
lay structure. For such delay-sensitive applicationsoierlay age and are wasteful in leveraging the underlying netwonkiba
tree design should provide the minimum possible delay foneawidth.
multicast receiver. In the tree-based approach (e.g., BTP [13], HMTP [14], Yoid
Another challenge to be addressed in an ALM system is tf#, TAG [24], OMNI [25]), nodes are organized in a tree struc
ad-hoc behavior of the members of the overlay tree. Thistisre rooted at the source. The nodes have parent-childoelat
particularly a major issue for P2P scenarios where membstsps. When a node receives a packet from its parent, it folsva
of the overlay tree are not obligated to stay in the tree. &into children; which is also considered as a push-based mecha-
most of the P2P systems do not have membership requirememitsn. The tree is extended when a new node joins the group. The
peers might join and leave at any time. This behavior, knoviree-based approach is efficient in terms of avoiding redohd
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data transmissions; but, when a node leaves its offsprinds af the multicast tree at hand, they will also require moresags
peers may suffer from data outage. The tree must be repaieglamong siblings to figure out the 2D or 3D coordinates. Our
quickly to reduce the data loss. So, the tree-based appgeack algorithm is not a coordinate system. But it tries to locaters
not robust to churn relative to the mesh-based approaches. By utilizing directionality concept with an iterative meith Our
other disadvantage is that while interior nodes are budyfeit goal is to reduce the complexity of 2D or 3D virtualization of
warding data, leaf nodes stay idle; which is an unfair maforer the network to a 1D space. Our key contribution is to show that
members. The biggest advantage of the tree-based appsoadiespace can be effective, but may not be optimal, in virguall
is their small maintenance overhead, which allows thema@escembedding a network.
to very large groups.

The tree-based approaches can be further subcategorized in
three different dimensions: single vs. multiple treesgkror IIl. VIRTUAL DIRECTION MULTICAST
multiple layers in the data traffic; and with or without super QOverlay multicast is an application layer technique thedles
nodes. Multiple tree approaches establish multiple oyer&es Jishes a virtual network by connecting end hosts using klgic
to deliver the data traffic. The approaches with multipleefay |inks. Different dynamics play key role in designing an degr
code the multimedia data traffic into layers where the layertfee in such a virtual network. Our goal is to build a virtuatn
provides the lowest quality and higher layers add more qu@ork confined to physical network. Even though our ultimate
ity/resolution to the received traffic at the destinatiofise ap- goal is not to find minimum spanning tree (MST) for overlay
proaches with super nodes assume that some nodes in the qygg; we try to converge to MST as much as possible by using
lay network are willing to undertake more responsibilitgl@re |ocal and simplistic methods that can be practical to imglem
more robust; and thus tailor the overlay tree constructieolm  One reason to use overlay multicast instead of unicast is to
anism based on the existence of such nodes. relieve the network from redundant traffic. So, establighin

Our approach, VDM, is @ingle tree, one layer algorithm multicast tree close to MST is important, but not the only and
without super nodes. We focus on the most fundamental probuitimate goal. The overhead messages for constructingdiee t
lem of establishing a single tree with minimum number of r&hould not overwhelm the system, which would destroy the rea
dundant (overlapping) links and minimal delay from the seur purpose of the overlay. On the other hand, the system design
to the receivers. The closest prior work to ours is HMTP [14$hould take other performance factors which are impori@nt f
which aims to solve the same problem. We give a short descrigers into account.
tion of HMTP here. We will discuss the differencesin detaiet DM is an overlay multicast algorithm. It builds a multicast
in subsection IlI-F. HMTP interconnects IP-enabled isRnfl tree by making parent-child relationships between nodésiwh
IP multicast is available in any subnet, one node is sele@tedare determined to be on the same virtual direction basedmen pe
head to join the overlay tree and IP multicast is used in sufgrmance of the connections between them. VDM uses a single
net. The key idea in HMTP is connecting nearby peers. Whefrae for multicast purpose. Each node has only one parent, bu
new peer wants to join, it contacts the source, and get ligt®f might have more than one child.
children. By probing each child, it finds closest child teelfs |t aims using resources more efficiently by building the mul-
in terms of delay. It repeats the same process with the dlosggast tree in a reasonable way by measuring inter-peer dis-
child. This iterative process is repeated until best pedépar- tances in a one dimensional directional abstraction andsmgu
entis found. HMTP also applies a tree refinement proces$i Eggwer number of maintenance messages. It uses a decesdraliz
node randomly selects a peer in its root path and look forf{ethod for tree construction. Each peer contacts the sairce
any closer peer than its parent connected in meantime. @histhe beginning and finds a proper node to connect. VDM also

finement process is repeated periodically. HMTP aims togedippserves user expectations by trying to reduce startupairde
routing inefficiency. It also proposes a foster child conidep reconnection time.

shorten startup time. A node connects root at the beginming t
start stream immediately. Then, it jumps to ideal parentmibe A, Protocol Description
is found. _ i i

There also have been many proposals for establishing l/irtt'?‘a1 Key Design Considerations
coordinate systems, e.g., [32]-[35]. They are widely usdPiP In an overlay network, converging to MST while observ-
systems either for file sharing or multicasting. These cinaité ing other multicast requirements should result in bettar pe
systems rely heavily on the accuracy of reference pointsi-Baformance in terms of resource utilization and overall multi
cally there exist landmark-based and decentralized appesa cast quality. Overlay network is a degree-constrained-envi
to build the map. In the first one, an infrastructure node edusronment. Each node has a certain number of outgoing links,
as the reference point while any node can be used as the red@d thus, the multicast tree must be constructed within this
ence in the second approach. A new node contacts these refegree constraint. Degree-constrained minimum spannéeg t
ence points and tries to locate itself. Estimating locatibpeers (DCMST) problem is known to be NP-hard [26]. Additionally,
will help the system to optimize the performance, but it wifo in a peer-to-peer network environment, the overlay tremgha
require 2D or 3D embeddings of the network. So, virtual ceorcbecause of constantly new coming and leaving nodes. More-
nate systems are a stronger form of representation tharvimur “over, network dynamics causes changes in path performances
tual directionality” embeddings of the network. Althoudtey between nodes and may require reconstruction of the overlay
will certainly result in better and more accurate represimt tree for better performance.



MERCAN AND YUKSEL: VIRTUAL DIRECTION MULTICAST: AN EFFICIENT OVERLAY...

d2 -
T (é) O
> S« E
N d3
. d1 oy 4 ¢
OA > O
d3
S, d1 N
O O--------- 2
< E<
d3 d2

Fig. 1. Directionality on a line.

449

_ALS s s
o~ \
\
\
\
\
\
\
\
\
On F
s !
!
/ d
N

Case lll

=z

Case | Case Il

Fig. 2. Directionality concept on 2D.

multiple packet transmission on the same link and resowsee u

When we think all of these, calculating global MST is ex@d€ in the network. If there has to be multiple packets oniq lin
pensive and difficult. But, staying close to MST using simp/&€ try to find possible shortest one to minimize network usage

methods while satisfying other requirements is a betteiceho
With using VDM that calculates virtual distances between t
overlay nodesin a 1-D space, we try to converge to MST in gen-

rﬁ. Join Process

eral. In order to achieve this “directional” abstractior define Algorithm 1 Join Procedure

three succinct cases that will be explained later. 1:

A key design component of VDM idirectionality. We locate 2:
a newly joining peer relative to existing peers with an itema  3:
process using this concept of directionality. We take therpe 4

S < source

N < newnode

Contact(S)

N pings S and all children of S

three by three, and we estimate the location of the new paer D(n) < Directional nodes

relative to the existing peers by comparing inter-peeiadises. 6:
In environments like P2P networks, churn is a major is=
sue. When peers are leaving or joining frequently, the perfe:
mance of the protocol depends heavily on being able to swift:
switch to a new tree. Reevaluation of the overall multiceest t 10:
requires a centralized approach and is typically not péssihai:
within the very short period of time available for switchev@ur 12:
directionality-based procedure is completely distridigad can 13:
quickly establish a new and good performing tree with loeal r14:

pair. 15:
16:
A.2 Virtual Directionality on a Line 17:

VDM exploits virtual directions in order to organizel®
nodes. Suppose that there is a source, S, and an existingg&, i
which are already in overlay network. A new node, N, is goingf"
to join the overlay tree. We measure the distances among th&s
three nodes. N could be in three different positions acogrdiZ?
to S and E. Three nodes can form three combinations in linear
representation, i.e., a line.

Distances d1, d2, and d3 are RTTs measured by probifg.
Longer distance is generally not equal to the sum of short&

if D(n)is notempty (Casell or Caselll exist) then

if D(1..n)is between S and N (All in Case 1) then
S+« closest(D(n)) (Select closest of Caselll)
Contact(S) (Continue from closest one)
end if
if N is between S and®(1...n)
for D(1..n) do
if N has free degrethen
S becomes parent of N
N becomes parent d(z)
Update grandparent db(i)’s children
end if
end for
end if
if Case Il and Case Il togeth#ren
S+ closest(D(n)) (Select closest of Caselll)
Contact(S) (Continue from closest one)
end if

(All in Case Il) then

24; else

if S has free degraben
N connectsto S

distances which seems equal in linear representation. ke 137:  €lse _
at the longest one to determine into what case the combimatfé" N connects to closest free child
falls. There are three cases: 20 endif

30: end if

Case |I: Sourceisin the middle. In this case, a new direction

is created for N.

Case II: The new nodeisinthemiddle. N is placed between
SandE.

Case lll: Theexistingnodeisinthemiddle. N is in the virtual

A pseudo-code for the Join procedure is given in Algo-
rithm 1. Nodes store some state information to cope with the
protocol. Each node has children list and distances to tibey

direction with S and E. also know their parent and grandparent. When a node wants
In order to make virtual direction concept more understanth join to the overlay tree, it sends a connection query to the

able, we try to show it on 2D in in Fig. 2. Dashed lines are theource. It gets the list of its children and learns RTT by prob

ones that will be added. With this technique, we aim to miaami ing to each child. During a join process, we first look for if



450 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 18, NO. 3, JUNEO16

0O beginning. It detects C1 which falls into Case lll. After tina
‘ continues its join process through CL1. It gets childrenftisin
g a O © C1. It receives distance information from C1’s children. i\&h
O Q """" OC """""" o checking these children, it will see that N is between C1 and
C:::,'," C2 which we call Case Il. So, N will connect to C1 while C2
o T O ,,,,,,,, 0 changes its parent from C1 to N. When the proper connections

are made, connection process is done.

CS C. Complexity Analysis

Fig. 3. A join example. In this part, we analyze the complexity of our join algo-
rithm. A node who wants to join the session first contacts the
source and gets all children information. Based on thisrmés

Case Il or Case lll exists among parent, an existing child afgn, it determines a direction to go. It will pick up one ahénd
new child. We may find only one of these cases, multiple of thgpeat same procedure through that child if needed. Thiegm
same case or two of them together. is repeated until the best potential parent is found.

If Case Il or Case lll is not found, it means that the new node For our analysis, we assume that each child has the same num-
is not in the same direction with any of existing childrenhirst per of degree and it is a balanced tree. Let'siség/node degree
iteration. Then, it connects currently queried node if i & for one peer)V is the total number of nodes ands tree depth.
free degree (or outgoing interface). Otherwise, it corsicthe |t is possible to express the relationship between the nuofbe

closest free child. nodes and the rest of the parameters as:
If we encounter Case Ill, we proceed to next iteration from
that child, and repeat the same procedure. If we have Case Il N =n“. Q)
with more than one child at the same time, we select the dloses
one. Then, the tree depth will be

If we find Case Il which means the new node is between two
existing nodes (parent and currently checked child), thepegr
connections are made, a_md join process is d_on_e. In SOMe CASES, i i1 the order 0D(log V).
we might have Case Il with more than one existing child. Then, In the worst case, if the node will join the tree at the lea, th
we make connections as long as the new node allows. Since ev- ) )

. . ) number of nodes it has to contaet, will be
ery node stores grandparent information to use in case ef par
ent failure, grandparent information of existing childhldren A = nlogN. 3)

should be updated.

If we find Case Il and Case Il together, we continue witBince the time duration of the join procedure is directly de-
Case Il by selecting the closest one if more than one Cas® Ilbendent on the number of nodes being contacted by the new
existing. node, the complexity for join algorithm will be in the ordefr o

When N eventually finds the correct node, it connects a@¥{n log V') which provides scalability and short startup time for
joins the session. A node can accept connections up to its magdes. Note that this worst case complexity is valid for acies
imum degree, which we call "degree_limit". Each node haswith the maximum node degree beings well. For such cases,

pre-defined degree_limit. We assume that degree_limitdi eahe average time complexity will be lower thér(n logV).

node is at least one. If the potential parent that new node de-

cided to connect reached its degree_limit, new node cosndet Reconnection

to its closest child which can accept connection withouakie — ap overlay network is an ad-hoc environment, particularly
ing its degree_limit. The degree_limit expresses how mheh tyhen it is a peer-to-peer overlay. The system depends os user
node is willing to take other peers’ load. Free-riders, fara- \hq receive the stream through each other. The users am®free
ple, have low (typically 1) degree_limit. join and leave the system at anytime. Even though some incen-
tive and punishment mechanism can be utilized to increase th
stability, adhocness (or churn) is still in the nature ofgkistem.

We now illustrate how the cases defined above are utilized forOur algorithm builds a tree to transmit the streaming traf-
the join process in VDM. Let's assume that we have an existifig flow from source to each user. In this context, when a
tree with several children as in Fig. 3. S denotes the sourde anode leaves the session, some orphan nodes occur within the
others are children in the tree. tree. These nodes have to find a new parent to continue receiv-

N in Fig. 3 attempts to join the multicast session. N contadizg data.
the source by sendingnformation_request message. Source In VDM, a peer is required to inform its children when it is
replies this message withformation_response which contains leaving. When an orphan child gets this leave messageri sta
children list and distances to them. N queries all children the join process at its grandparent, Fig. 4. Since our alyoris
get distance information. When N starts receivimjprma- using a single tree, quick reconnection is important tocdagh
tion_response messages from children, it starts to check désss. We start reconnection process at the grandpareeathsf
scribed cases. N does not have any information about C2 at the source to expedite the reconnection process. In thaesen

a = log, (NV) @

B.1 Join Example
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reconnection is basically same thing as the join processmxc':ig- 7. Case_ll is _existing with one child and Case Il is witiother child in
. the same iteration.

that it starts at the current grandparent. If both the paaedt
the grandparent leave at the same time, which could occyr ver
occasionally, the orphan node goes to the source for recenne Second choice, new measurement among siblings, increases
tion. Since the reconnection starts at the grandparentxp@ce the overhead of the system. For each join process, siblings
that it is accomplished in a very short period of time comgaréghould communicate with each other.
to regular join process. In our proposed system, using 1-D abstraction, we reach de-
sired tree without storing extra information or using redamt
messaging. This case is handled in lines 9-11 in Algorithm 1.

In subsection I11-B, we presented a simple example which in-
cludes only one case at a time to explain VDM’s join process.?2 Scenario Il: Two Case llIs
We now explore exceptional scenarios to understand sorme €O this situation, Fig. 6, N detects Case Ill with two chil-

ner cases take place where two cases (Case Il and Case Ill) can S .
exist at the same time. dfen. We select the one which is closer to N. Then, we continue

the join process through that node. This case is handledes li
E.1 Scenario |: Two Case lIs 7-9in Algorithm 1.

In this situation, N detects Case Il with two children, Fig. 5= 3 scenario Ill: One Case Il and One Case I
N selects C1 or C2 as a child and P becomes parent. Then,ifN ) )
has a free degree, the other child connects to N. So, we get thi! this situation, N has Case Il with C1 and Case Il with C2,
best solution in terms of local MST. Normally, in order to ge®S Shown in Fig. 7. In such a conflict, we choose Case IIl and
this solution, we should know the distance among all nodes. §ontinue join process from C1. _ o
this case, we know all distances except C1-C2. This situation is a scenario that misses local MST in Fig. 7.

In order to know the distance between C1 and C2, (i) eithEPi’s problgm can be resolved .by usirjg some more spgcification
we should store this information (distance to sibling) apdate N the design. When we do this, C3 in Fig. 8, if there is such a
it when necessary or (i) we should make another measuremBfl€, is not able to find C2. So, it might cause other problems.
among siblings of P at the time of join. Nodes in the overlay jo e don't want the directions to diverge too much from its arig
at different times. We measure the distance, C1-C2, wherrc 1@l definition. As a result, we intentionally leave Scendias
C2 is joining the tree. Then using this information we male tHt iS- This case is handled in lines 20-22 in Algorithm 1.
connections. But, after that we don’t save the distancemnéo
tion. The former approach, storing this information, irages
the amount of state information to be stored. Further, this i Another example such a scenario where the joining node may
formation has to be updated all the time with new coming oot find the closest node is presented here. In Fig. 9, the best
leaving siblings. All the siblings of a node might changehnat potential parent for N is C2. But, when N checks P’s children,
parent change which occurs if a node get connected with Casi Will see C3 as a directional node and miss C2. This situatio
in between child and parent. This complicates maintairiig t can be prevented only by contacting grandchildren of P which
state. increases the overhead and time.

E. Corner Cases

E.4 Scenario IV: Hidden Grandchildren
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F. VDM versus HMTP
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tions. The disadvantage of using HMTP here is that since the
tree is degree constrained, desired connections may na-be e
tablished. If P cannot accept N because of degree limitatien
opportunity to connect these three nodes in the best marither w
be missed. Another disadvantage of HMTP is that it has to use
periodic tree refinement to be able to detect closer chilihdJs
our directionality concept, we directly connect these¢hredes

in best way without using any extra messaging.

VDM and HMTP have different refinement processes. HMTP
selects one node on its path to source, and starts the refibeme
process from that node. HMTP uses refinement to complete the
join process. A node in HMTP has to do refinement to find a
closer sibling. But, VDM achieves the same thing without any
refinement. This requirement for HMTP exposes too high over-
head for the system. Our refinement purposes to adapt the tree
to changing conditions of the internet.

Refinementis a part of the join process for HMTP. Every node
has to check if there is a closer node. The time to converge to
a better tree depends on the frequency of these refinement mes
sages. On the other hand, VDM achieves better tree witheut us
ing refinement messages. So, VDM is very efficient in terms of
overhead when compared to HMTP.

IV. PERFORMANCE EVALUATION
A. Smulation Setup

We use NS-2 [27] to conduct simulation experiments for eval-
uating our protocol. We generated transit-stub model tgppl
consisting of 2,576 nodes using GT-ITM [28]. One of the nodes
is chosen as source for the multicast tree. The source im@&ssu
to be alive during the entire simulation time, and is known by
other peers. Randomly selected 500 of 2,576 nodes join to the
overlay multicast tree. We run the simulation for 10,000 a
dedicate 2,000 s for the join process at the beginning. We tak
400 s as a time interval and define the churn based on that inter
val. Based on the churn rate, a number of nodes join and leave
the tree. For example, if the churn rate is 5%, then 25 newsode
join and 25 of the existing nodes leave in each time inteié.

Overlay multicast is a well-studied area. Researchers haygiformly pick the nodes to join and leave for modeling churn
developed numerous numbers of algorithms that have differe Even though previous work showed that most of the peers
approaches as we mentioned some of them in Section II. fdhd to continue staying in the overlay and that a small porti
of these techniques have their own advantages and disadvsfiihe peers tend to frequently leave [29], we use a unifombpr
tages. HMTP is one of these proposed techniques. Even thou@hlity of a peer node joining or leaving the overlay treeeTik
we didn't get inspired from this technique, we found thasit ierature also showed that peers with more popular contethtéen
similar to our proposed algorithm VDM. So, it is important the more stable [30], which implies the multicast nodes clase
make one-to-one comparison between VDM and HMTP to sgie source should be staying longer in the overlay. Thidhéirt

the differences and our superiorities.

implies that the peers closer to the tree leaves are morapl®b

VDM and HMTP use different approaches when building leave the overlay. So, our assumption of uniform sampling
multicast tree. HMTP focuses on closeness while VDM utilizeof peers for join/leave is a conservative one [31], sincHdires
directionality concept. In HMTP, a node finds closest node testing of our protocols under adverse conditions wheresod
attach, then with periodic tree refinement process the geeiri the middle (or closer to the source) of the tree can leaes at
tuned. In our protocol, we try to detect nodes which appeaggual chance with the leaf nodes.

in the same direction.

The number of nodes in the overlay is retained at 500 by the

We look at Fig. 10. In phase 1, N comes to join to the oveend of the 400 s time interval. At the end of every time intérva
lay. With HMTP, N connects to P first, then C finds N by sendwe give 100 s for tree to get stabilized, then we do the measure
ing a refinement message to its parent to see if there is arclasents. We expose the tree to churn again in the next timevadter
node. The overlay tree is formed as in phase 3. But, by usiafier the measurement. This process is repeated until thefen
VDM we can directly detect the case and make proper conndlee entire simulation time. For instance, the nodes arenede
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almost twice over lifetime under 10% churn. Some nodes may 2 ‘ ‘ ‘ ‘ ‘
join and leave several times while some never join. Ther®is n
super node in that all nodes are considered equal. Degnats |i 1.8} .
of nodes are uniformly distributed within the range from 5to
We simulated the protocols under different churn rates from @ 44|
1% to 10%. We repeated the simulation experiments 32 times§
for each churn rate, and we report 90% confidence intervals on 2

| S 1.4+ . B
our results. RPN
. AT
B. Performance Metrics 1.2¢ s 1
We are interested in efficiency of data delivery path and ser- -
vice quality that end-users are experiencing. In order t_mq'ty 1 10 20 0 20 %0
these two targets, we focus on four performance metricesStr Number of nodes
stretch and overhead are the major factors for data deleféiry _ ' '
ciency. Service quality is basically measured with loss eatd Fig. 12. Comparison with MST.
delay.

- Stress _Stress Is defined as the numbgr of |dent|ca! IOaCkeotgpicts that overhead increases linearly as churn rateases.
transmitted on the same link. In IP multicast, stress is gdwa

. . Overhead is around 2.2% for VDM when churn rate is 10%.
one since a packet goes through a link only once.

o Stretch: Stretch is the ratio of path length a packet is traveli HMTP has to use refinement messages by definition which

. . : ) ) "huses high overhead ratio.
in the overlay multicast tree to that of in unicast. Unicast i

assumed to have optimal stretch.

« Messaging Overhead: We define overhead as the ratio be
tween maintenance messages and data messages. With our algorithm we try to converge to MST while also try-

« Loss Rate: Loss rate at a peer is the ratio of number of lodng to satisfy other user requirements. In this part, we gest
packets to the number of packets supposed to be receive@lgorithm to see how much it gets closer to MST. We do not ex-

D. Comparison with Minimum Spanning Tree

the peer’s lifetime. pect VDM to find MST since there are some cases it does not
guarantee reaching MST for simplicity. To observe the poten
C. Smulation Results tial of VDM, we do not apply the degree limitation. Furthéret

We show results of previously defined four metrics witd€gree-constrained MST is not practical [26]. Fig. 12 shthes
90% confidence interval. VDM is compared to IP multicadglio between the tree constructed by VDM and MST in terms
with stress. It shows how much VDM converges to IP Multiof the total weight of the trees, i.e., the sum of link costs A
cast. Stretch is comparing VDM to unicast. Unicast providéXPected, the ratio is increasing when the number of nodes in
smallest delay for peers. Overhead and loss cannot be akoiféases. The promising insight is that VDM stays close to MST
especially under adhoc behaviors of peers. But they sheaild'th @ ratio well below 2, and further, the increase in theoret
kept minimal, and they should not increase exponentialtp wiSUP-linéar as the number of nodes increases.
churn rate.

In Fig. 11(a), we show stress vs churn rate. Stress is one of
the most important metric for resource usage efficiency.rAve
age stress is around 1.6 for both VDM and HMTP. VDM gives Live multimedia streaming is a real-time application thet r
slightly better results. Stress doesn’t change signifigaritile quiresminimal delay, where the delay is defined as time needed
churn rate increasing for both protocols. for a packet to reach its receiver(s). The data packets ghoul

Fig. 11(b) shows stretch vs churn rate. Stretch is importadeally traverse the minimum path while being transferredn
for efficient content delivery and efficient resource usa&f@M  source to destination. Overlay tree design should provigsip
outperforms HMTP in terms of stretch. Average stretch e minimum delay for each multicast receiver. Howeveragel
around 7 for VDM while it is around 12 for HMTP. Stretch isand loss rate between two nodes may be uncorrelated because
slightly increasing with churn rate for both protocols. of background and cross traffic on routers. So, a peer might ex

Fig. 11(c) shows average loss rate for all nodes. End uspegience high loss rate on a good path in terms of delay. Sensi
are especially interested in continuity and quality of atne tivity of multimedia applications differs against variomstwork
ing. High loss rate dissatisfies end users. Average lossigatgerformance metrics such as delay, loss, or bandwidth.rehis
below 2% for VDM under 10% churn. In this simulation, weguires taking other factors into account when building txer
do not apply link error which causes packets to be lost. So, tiee.
packet loss is caused by disconnection of churn. That is why i A key property of VDM is the capability of virtualizing the
is so small when churn rate is low. underlying network in different ways. It is possible to ddish

Fig. 11(d) shows the comparison between VDM and HMT®irtual directions" based on performance metrics delagslor
for overhead. Overhead should be kept small to put less Idaahdwidth. Different values of these metrics may produée di
to network. It cannot be prevented from increasing with an ifierent virtual distances and thus different overlay treauinpro-
crease in churn rate, but it shouldn’t be exponential. Figd}l tocol. By generalizing and customizing virtual directiare can

V. GENERALIZATION OF VIRTUAL DISTANCE
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establish target specific overlay trees to improve someifspecdifferent quality expectations. Our key goal in this partiosu-
performance metrics desirable by applications. Calaujetfie tomatically calculate overlay multicast trees such thaytban
virtual distance based on different criteria, but withoubtp- be seamlessly customized to applications’ performancksgoa
col modification, makes the overlay multicast protocolsgti  In order to corroborate the generalization method, we took
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simple measurement statistics from [36]. It shows latemay aVDM-D gives better results for stretch.
loss rate among three cities in United States and in thréerdif In Fig. 16(a), we show stress vs churn. Stress is one of the
ent countries. Values among San Francisco, Boston andDat@ost important metrics for resource usage efficiency. Stres
are shown in Fig. 13. Ratio among three values for latency addes not change significantly while churn rate increasing. A
loss rate is different, thus overlay tree to be constructedray erage stress is around 1.5 and 1.7 for VDM-D and VDM-L,
three nodes in these cities will be different. As anothengxa, respectively. The closeness of the stress for the two potgoc
we look at the measurements among Chicago, Tokyo and Joharexpected as the virtual distance does not focus on thesstre
nesburg, values are shown in Fig. 14, which also gives @iffer However, it is also expected that stress is a little high&iM-
ratio for latency and loss rate. L since delay is known to be more correlated with the physi-
We also took sample inter-PoP measurement dataset froah distance between nodes, and thus the overlay tree become
[37] which has latency and loss rate information. From thidoser to the IP multicast tree in VDM-D.
dataset, we pick three points A, B, and C among the links whosdn Fig. 16(b), we show stretch vs. churn. Stretch is impor-
loss rate is not zero. We look at delay of A-B (d1) and B-C (d2ant for efficient content delivery and efficient resource us
and loss rate of A-B (I11) and B-C (12). When we compare thage. Stretch does not get affected much with churn rate. Av-
ratios d1/d2 and 11/12, 44% of this dataset is inversely &orrerage stretch value is around 4 for VDM-D while it is around 7
lated. And, the rest does not give the same ratio. VDM-L. We can infer from the graph that path length to source
We illustrate a topology in Fig. 15(a). Sis source, E is éxgst for end-users is reduced when using delay as basis for distan
child and N is a newcomer. Relative distances among these thealculation. The results in Fig. 7 shows a clear differditraof
nodes might be different as shown in Fig. 15(b) when we dbe overlay tree based on which metric, delay or loss, the use
distance measurement in terms of delay and loss. As a resajitplication might choose.
overlay tree will be formed in different ways as in Fig. 15(c) Fig. 16(c) shows average loss rate vs. churn. End-users
For this specific topology, this difference is caused by thffit are especially interested in continuity and quality of atne
characteristic on router R4. ing. High loss rate dissatisfies end-users. Loss in thishgisp
We propose a generalized method of calculating overlag tremused by packet drops over path and disconnection bechuse o
to increase user-perceived quality of performance-deasip- churn. Packets are dropped over links according to thearerr
plications. We define and use the concept of “virtual distéincrate. Churn causes the loss rate to increase. The graphsprove
to determine “virtual direction” for constructing overlarees. that VDM-L improves the loss rate compared to VDM-D. Loss
Abstracting applications’ sensitivity within the virtudistances, rate for both could be considered high, but each link in tbfas
we aim to find the most appropriate parent for a peer accoig-assigned a loss rate on purpose as we wanted to observe how
ing to the application’s purpose. We embed the virtual dista much customization the virtual distance concept can aehiev
method in our protocol, VDM, and show that the protocol autdéerms of loss rate. To give an idea about how much excessive
matically calculates overlay trees based on delay (VDM-D) toss the results have, we have plotted another result folVX/D
loss (VDM-L), depending on which is more important for thevhere link error rates are set to 0%. In this case, loss rate is

application under consideration. caused only by disconnections and is relatively low comgare
) ) to the other two cases.
A. Performance Evaluation of the Virtual Distance Concept We finally looked at the overhead. We used the same number

We evaluate the performance of VDM-D (delay-based) af Probing messages to measure delay and loss rate everhthoug
VDM-L (loss-based) in order to show the efficiency of the virdelay can be measured with less number of messages. The over-
tual distance concept in automatically customizing therlaye head for VDM-L is a little less the the VDM-D, because the
tree for application-specific performance goals. We areyp- number of lost packets in VDM-L is fewer which makes de-
tocol behaviors as we vary the churn rate in the overlay nétwonominator greater in the definition. Fig. 16(c) depicts tinet

We use a similar setup with previous one for simulation egverhead increases sublinearly as the churn rate increises
cept that each physical link in topology is assigned a randdhe nodes send additional probing messages to be able to-reco
error rate between 0% and 2%. In this case, the topology cé¥ect.
sists of 792 nodes, and randomly selected 200 of the 792 nodeQUr concern was to obtain better performance results fer cer
constitute the overlay multicast tree, and repeated thelaim tain types of metrics which may be more important for differe
tion experiments 10 times instead of 32. We decreased nletwdpplications. When we think of all the results together, VDM
size and number of experiments because we have loss in figises delay for distance estimation, and improves stress a
case and we had to send much more packets from source wisiggtch while giving higher loss rate. It could be used fdeye

increased the size of trace file dramatically. sensitive applications. On the other hand, VDM-L achieeds b
ter performance in terms of loss rate. It can be chosen foemor
B. Simulation Results delay tolerant but loss sensitive applications such astoepeer

We present results for performance comparison between OJQ? sharing.
lay trees constructed using VDM-D and VDM-L. We investigate
the behavior of these metrics versus churn rate for both pro-
tocols. The variations especially in stretch and loss ratet
on utilized technique will affirm our proposal. We expectttha We implemented VDM on PlanetLab [38] to be able to test it
VDM-L reduces loss rate while trading off stretch and thatnder more realistic environment. For our experiments, mhg o

VI. PLANETLAB IMPLEMENTATION
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used nodes in the United States. Also, we only use one node at
one site. To be able to get accurate results we applied devera
filtering processes to select working nodes.

Main components of the implementation are illustrated in
Fig. 17.

Scenario: There is a list of nodes that works properly on our
local machine. We have a scenario generator which generates
the scenario file by using the node list and provided seeds. A
line in scenario file mainly has action type (join, leave)deo
information and time for action.

VDMAgent: VDMAgent is uploaded to every node on Plan-
etlab. It carries out the core job of the protocol. When ieiees
the connect message from the main controller, it conta@s th
source which is known by each node. Then, VDMAgent using
the algorithm embedded inside finds an appropriate parent to

Main
Controller

VDMAgent  prs)

Transceiver

I

l

Scenario

Sender

Fig. 17.

Main components of PlanetLab implementation.

connect. After a node gets connected, VDMAgent keeps rugentrol messages from the main controller to the nodes. Téte fi
ning and responds incoming information messages or conneoe is a connect message which alerts the node to conneet to th

tion requests.

multicast session. Another one is the disconnect message th

Sender: Our system has single source which hosts the mdglls the node to leave the session. The last message iswwEmi
data stream. The source node sends this data to its chiftichis sentto every node at the end of the session.

dren. Other nodes transmits the data that they receive fiem t

parents. Sender is responsible to send the data at the.origin A Experiment Setup
Transceiver: Every node has this unitexcept the source. Whenfor this evaluation, we used nodes only in the United

a node connects, the transceiver unit is started. The mhiafjo States. We have identified a pool of working nodes that has
this unit is to catch incoming data messages and transmit thground 140 nodes. Each time we select 100 nodes from this
to its children. pool and run our experiment. We selected a node in Colorado

Main Controller: The Main controller is in charge of applyingas the source. When we ran more than one experiment on the
the scenario in the input scenario file by communicating witeme nodes at the same time, the performance got affected. So
Planetlab nodes. The scenario file tells time, node andraftiio we ran experiments one by one. An experimentis taking 5,000 s
each event in the simulation. There are mainly three differewhich is like a real session length since we are actuallystran
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ting a streaming traffic over the multicast tree. First 2,86@0e a disconnection is high. This causes an increase in loss rate
spent for join processes only. In the remaining 3,000 s, chur Overhead in Fig. 18(f) is increasing with number of
takes place. The reality that we have to run each experimenides. Number of nodes that a node needs to contact for a join
separately prevented us to run simulations many times. &ach process is increasing. This causes an increase in overhead.
periment is run 5 times with different seeds. We show average
values of these 5 runs.

In PlanetLab implementation, we defined two more metrics VII. SUMMARY AND FUTURE WORK

in addition to the previously defined one. In this paper, we proposed a new overlay multicast proto-

« Sartup time: When a node receives a connect command,dbl, VDM, that uses directionality among nodes to construct
marks the time. When itis able to find a parent to connect agitk multicast tree. By using the concept of directionaitiM
establish the connection it checks time again. The difie#enattempts to build its overlay tree congruent to the undeglyi
between two clock read is recorded as startup time for thistwork so that network resources are utilized efficienthjlev
node. satisfying end-users in terms of perceived quality. We yaread

o Reconnectiontime: When a node receives a leave notificatiogome corner cases one by one. Then we investigated conyplexit
from its parent, it contacts its grandparent to rejoin tieetr of join process.

We measure the time required for reconnection for the nodessimulation results showed that VDM achieves better perfor-

whose parent leave. mance compared to HMTP in terms of various metrics like
, stretch, loss and overhead. VDM improved the path stretch
B. Experiment Results which affects both overlay tree participants and physiet n

Fig. 18(a) shows average and maximum time needed for jouerk. Another improved metric is packet loss that is impotta
process. Number of nodes that a new joining node has to quégyapplications with real-time and/or reliable. We alsowid
is increasing when number of nodes is increasing. This cauieat VDM causes less messaging overhead, that is a key factor
startup time to increase. We calculated average and maximfanscalability of overlay multicast applications.
startup time. When number of nodes is 100, average time isVe also proposed a method to generalize the virtual dis-
around 0.4 s. The maximum time is 1.5 s. These values are race between overlay nodes for automatically calculatireg-
sonable to start receiving a stream. Maximum values areenotlay trees custom to specific application performance tardgst
lated directly to number of nodes. Some nodes are respondirsing the generalization concept, we aim to build target spe
late to ping request which causes startup time to increase. cific overlay trees that provide the ability to improve user-p

Reconnection time is not related to number of nodes sineeived quality for specific purposes. We used two differeat-m
orphan nodes start reconnection at their grandparent5fiy. rics, delay and loss, for calculating the virtual distaneesl
presents reconnection time versus number of nodes. Averggperimented with two version of VDM: VDM-D and VDM-
time is around 0.2 s. There is no dependency on numberlofSimulation results showed that VDM-D achieves better per
nodes. This 0.2 s interruption is experienced as jitter r ugormance in terms of path length and stress while degratieg t
if there is no buffer. loss rate. On the other hand, VDM-L improves the loss rate per

In Fig. 18(c), we present results that give stretch values véormance, as expected, by sacrificing from stress and btretc
sus number of nodes. We show four different measurements. IiWWe also have implemented our protocol on PlanetLab which
some cases, nodes might have shorter path length to so@eee us the opportunity to see real time characteristids Wfe
whey they use overlay routing. The bottom line shows aveshowed some statistics such as startup time, reconneatien t
age stretch values of these nodes. The value is around 0.@nd stretch on PlanetLab.
means that these nodes receives stream with less delayithan drhe key insight of our work is that directionality may not
rect connection to source. We show overall average stredciev achieve the best, but allows finding a good and practicaétrad
for all nodes. We also show average stretch values only &r l®ff between quality expectations and protocol overheade-In
nodes. Leaf in tree structure can be considered as worgtgplac gration of directionality with other approaches involvimgpre
be. Leaf nodes are expected long path length. Almost halifeof tspecial treatment of users quality expectations can be &isea
nodes are expected to be at the leaf position in the tree. Wheture work. Integration of super-nodes and multi-treeigies
we look at the average stretch for these nodes, it is a ligledr  with VDM is a nice future work direction to take.
than the general average. We also look at maximum streteh valln reality most peers put a degree limit via their client soft
ues. It goes up to 3 when number of nodes is 100. ware. No peer wants to undertake the burden of other peers —

In Fig. 18(d), we show hopcount versus number dhis is the typical behavior of a regular peer. We considénid
nodes. Hopcount should increase with number of nodes. Thishavior via assigning a degree_limit for every peer. Haxev
increase depends on node degree and proportional to logref nsuper-peers will be different as they are more willing toetak
ber of nodes. Average value for all tree is around 4. If we lodke burden of others. Future work should explore a variety of
at only leaf nodes, it is around 5 for number of nodes 100.  degree_limit patterns across the peers.

From Fig. 18(e), loss rate is increasing with number of Another promising aspect to explore is to consider directio
nodes. In this experiment, we keep churn rate same while ality in more than 1 dimension. While extending VDM’s direc-
creasing number of nodes. So, number of joins and leavegi@mal categorization of possible cases to two or more dimen
getting higher. When number of nodes is high, even though stenal spaces, keeping the protocol’s complexity at a jmalct
connection time doesn’t change, number of nodes affecten frlevel will be the challenge. However, it may prove worthwehil
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Fig. 18. VDM on PlanetLab: (a) Startup vs. number of nodestgbonnection vs. number of nodes, (c) stretch vs. numbeodés, (d) hopcount vs. number of
nodes, (e) loss rate vs. number of nodes, and (f) overheatuasber of nodes.

to explore the concept since there are increasingly moré-mutation power and high mobility, reducing the overhead of VDM
homed nodes on the Internet and 1-D directionality may becomgainst churn and dynamism will be of crucial importance. In
limited in the long run. our algorithm, we start the join process from the source node
Adapting the overlay tree construction to targeted apfitica because that is the only one that we know. However, in wiseles
metrics via the concept of generalized virtual distanceede the new node and the source node may not be within each other’s
further investigation. We showed that VDM adapts its oyerl£0verage areas. One approach could be to use the wireless sig
tree for delay or loss by means of virtualizing the undedyiet- strengths, which are readily available via wireless traivaes,
work based on delay or loss on the links. It will be interegtin  t0 estimate the distance between nodes. After modifying thi
see how VDM performs when other link quality metrics are vig®in procedure, we might apply the directionality concepsllly
tualized as “virtual distances”, e.g., bandwidth, jittaeximum t0 converge towards MST. One of the reasons that we are us-
delay, maximum loss, and reliability. ing 1D is avoiding sibling communication. For omni-directal
Last but not the least, in wireless networks, the constaire wireless, the 1D or 2D vi_rtual _direct_ionali_ty may prove to be
different than wired networks. Although it may not be prac'[ius'efuI to construct a_relat|v_e orientation within a ”?'g"md
cal to directly apply VDM to the wireless networks, the ge?dero!c wireless _nodes. \.N|th.the increasing ”“mber of directieaa
idea can give insights and a modified version can be used ?6? transceivers, this orientation could be improved.
overlay multicast construction in wireless networks. 8itice
challenges in wireless networks are energy scarcity, lawmo
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