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Restoring Deliv ery Tree from Node Failures in Overlay
Multicast
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SUMMAR Y  One of the important problems in overlay mul-

ticast is how to deal with node failures and ungraceful leavings.
When a non-leaf end host fails or leaves the multicast session,
all downstream nodes will be aected. In this paper, we adopt
the proactiv e approach, which pre-calculates a candidate node
(called parent-to-be) for each node to connect to in caseits cur-
rent parent dies. The goal is to recover the overlay multicast tree
quickly so that the disruption of service to those a ected nodes
is minimized. We combine the local parent-to-b e locating and
global parent-to-b e locating schemes together, in order to take
advantage of less interference in the local scheme and the exi-
bilit y of the global scheme. The quality of the recovered tree is
impro ved while the responsivenessof the proactiv e approach is
maintained.

key words: overlay multic ast, failur e recovery, multime dia
streaming, degree constraint, spanning tree

1. Intro duction

Overlay multicast (alsoknown asapplication-layer mul-
ticast) [1,2] implements the multicast functionality at
end hosts rather than routers. End hosts join the
multicast tree not only as leaves as in IP multicast,
but as non-leaf branching nodes as well. Becauseend
hosts are potentially more susceptibleto failures than
routers and may leave the multicast group voluntarily ,
one of the key issuesin maintaining the overlay mul-
ticast topology is how to reconstruct the overlay tree
after nodesfail or leave the multicast session.The time
to resumethe data ow to those a ected downstream
nodes is an important measure of the quality of the
recovery mechanism.

In this paper, we speci cally investigate the prob-
lem of restoring the overlay multicast tree for multime-
dia streaming applications. Usually, signi cant band-
width is neededfor streaming multimedia data over the
network. An end host only has limited bandwidth to
participate in media streaming. The number of streams
it can sendand receiwe at the playout rate of the me-
dia is usually limited, and it can be abstracted as the
degree constraint on the node. A node can acceptmore
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Fig. 1  Recovery from failure in overlay multicast

nodesasits children in the overlay tree only if it hasnot
reached its degreelimit. Thesenodesare called unsat-
urated nodesin the later discussionof the paper. Due
to the degreeconstraint on end hosts, a disconnected
node cannot always successfullyreconnectto the multi-

cast tree by connectingto an arbitrary tree node (e.g.,
the grandparert) after its parent leaves.

For example,in Figure 1, when node v fails, all of
its children (co;c1; ;¢ 1) andtheir descendets are
partitioned from the tree. The streaming of multimedia
data to them will be interrupted. Becauseof the degree
constraint, it may be not feasibleto simply let all the
children (cp;c1;  ;cn 1) connectto their grandparert
(u).

There are two approachesto the recovery of over-
lay multicast trees. One is the reactive approad [3,4],
in which the tree restoration processstarts after node
departures. The aected nodes may have to contact
seweral nodesin the tree beforethey nd an appropri-
ate location. It usually takesquite sometime to repair
the overlay multicast tree before data can ow to the
a ected nodes.

The other is the proactive approac proposed in
our previouswork [5], which plans for departuresbefore
they really happen. The basic idea is that ead non-
leaf node in the overlay multicast tree pre-computesa
rescueplan before it fails or leaves. The rescueplan
for a nodeis to pre-calculate a parent-to-be for ead of
its children. Onceit leavesthe tree, all its children can
cortact their respective \parents-to-be" immediately.
In this paper, we extend our previous work by taking
into accourt the quality of the restored tree and its
e ect on the performance of the a ected nodes when



pre-computing the rescueplans. The specic perfor-
mance metric we consideris the latency from the root
of the tree to those a ected nodes,becauseit is an im-
portant performancemeasurefor multimedia streaming
applications.

Another important dierence from our previous
work is that we not only considerthe local parent-to-b e
assignmer, but proposea global parent-to-b e locating
technique for improving the quality of the recovered
tree and dealing with the casesthat cannot be solved
by the local assignmen technique. In the local parent-
to-be assignment a node cantake either its grandparert
or oneof its siblings asthe parent-to-b e. Although this
method can avoid the problems of conicting parent-
to-be and recovery circle causedby concurrert node
departures, it is not always feasiblewhen there are not
enoughresidual degreesamong siblings. Furthermore,
even though the number of residual degreesamong sib-
lings is large enoughto generatethe parent-to-b e as-
signmerts, the solution may result in a tall tree, which
causesa very large latency for somenodes. The glotal
parent-to-be locating allows a node to have any unsatu-
rated node (except its descendets) asits parent-to-b e.
It hasmore exibilit y and provides chancesfor a node
to nd a parent-to-b e suc that its latency after recov-
ery is minimized.

The local parent-to-b e assignmen and the global
parent-to-b e locating are integrated as follows. Every
non-leafnode tries to nd parents-to-be for its children
amongthemselvesand their grandparert. If thereis not
enoughresidual bandwidth amongits children to assign
parents-to-be to them locally, or the local parent-to-b e
assignmeits can result in long latencies for some chil-
dren after recovery, it has some of its children locate
parents-to-be globally. Extensive simulations are per-
formed to ewaluate the e ectiv enessof the integrated
scheme. They demonstrate that the quality of the re-
coveredtree is improved and the responsivenessof the
proactive approad is maintained.

The rest of the paper is organizedas follows. The
local and the global parent-to-b e assignmetts are de-
scribed in Section 2 and Section 3, respectively. Sec-
tion 4 integrates the two assignmem schemestogether
and describes the protocol for tree recovery. Perfor-
mance evaluations are preseried in Section 5 and re-
lated work is discussedin Section 6. We conclude the
paper in Section7.

2. Local Parent-to-b e Assignmen t
2.1 The Idea of Local Proactive Recovery

The idea of proactive recovery is to make arrangemert
for a ected nodes so that they know who should be
their new parents in caseof failure. Local parent-to-b e
assignmen focuseson nding parent-to-b e among the
grandparent and siblings only. For example, in Fig-
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ure 1, we want to calculate the rescueplan to deal with
the failure of non-leafnodev. It shouldtell v's children

the root. The parent of ¢ in this spanning tree will
be its parent-to-b e during recovery. Note the di erence
betweenthe multicast tree in useand the spanning tree
to be calculated. We do not actually add the edgesin
the calculated tree to the multicast tree in use. The
only purpose of the result is to nd the parent-to-b e
for eadch child.

The remaining problemswe needto gure out are
the degree-constraih on eacd node. We use residual
degree of node x, denoted as d; (x), to represer how
many more edgesthat a node can be connectedto in
the multicast tree in use and available degree of node
X, denoted as d,(x), to represen how many edgesthat
a node can be connectedto in the spanning tree to be
calculated. Note the available degreeof node x is the
degreeconstraint on node x in the tree to be calculated.
In order not to increasethe burden on the grandparen,
we let dy(u) = 1. For ead child, it will get one degree
releasedwhen v fails. Therefore, we have the degree
constraint on child ¢ to be ds(c) = dr (c) + 1.

2.2 Problem Formulations

In this paper, we are more interestedin the e ect of the

calculated spanning tree on the performance of those
a ected nodes. The performance measurewe want to

optimize is the end-to-end latency from the root to the

end hostsin the multicast tree. Therefore, we can for-

mulate the spanning tree problem as a minimum av-

eragelatency degree-constrainedMALDC) tree prob-

lem, which minimizes the average latency to all the

nodes ¢'s in the tree. Considering that ead ¢ is

the root of a subtree with di erent number of down-

stream nodes, we also formulate a minimum weighted

latency degree-constrained(MWLDC) tree problem,

which minimizes the weighted latency to all the nodes
G's in the tree with the number of nodesin the subtree
rooted at ¢ asthe weight. Together with the caseof

just nding afeasiblesolution to the degree-constrained
spanningtree problem (DC), we formulate the problem

as follows.

GIVEN: 1) an undirected complete graph G =
(V;E;r) with aweight functon w:E ! R, where
r 2 V, R is the set of real numbers and for an
edgee 2 E, w(e) represerts the latency (or cost)
of edgee.
2) node degreeconstraints d, (i) for nodei 2 V.

DC: Find a spanningtree Tyc = (V;Eqc;r) rooted at
r suc that Eqc  E, and T4 satis es the degree
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constraints that for eac nodei 2 V, its degreeis
lessthan or equalto d4(i). This spanningtreeis a
feasible solution to the problem; or

MALDC: Find a shortest path tree Tmage =
©V: Emaidc ; 1), sudh that the averagepath latency

oy 1) . .
'?+j() is minimum among all feasible solutions,

wherethe latency from the root to nodei is de ned
I(p(i)) + w(p(i);i) fi6r
0 ifi=r
p(i) denotesthe parent of nodei in the tree; or
MWLDC: Find a weighted shortest path tree
Towide 3 (ViEmwiae:r) sudh that the weighted

latency —'PVS('% is minimum among all fea-
i2v
sible solutions, where s(i) is the sizeof the subtree

rooted at nodeii.

asl(i) = , Where

For example,in Figure 1,to nd the parents-to-be
for v's children cg; ¢ ;Cn 1, We calculate a spanning
treewith V = fu;cy; cq; ;Cn 1gandr = u. Sincethe
latency of every ¢; a ects the latenciesof all its down-
stream nodes, we want that ¢; with a large subteecan
get small latency after recovering from parent failure.
The MWLDC formulation achievesthis goal by weigh-
ing the node latenciesand consideringthe weighted la-
tency of node i de ned as % We obsene that
the MALDC problem is a spécial caseof the MWLDC
problem with s(i) = 1. In the remaining parts of this
paper, we mainly discussthe minimum weighted la-
tency degree-constrained(MWLDC) tree. Both the
MALDC and the MWLDC problems are NP-hard [6].
We give a heuristic algorithm in the next subsection.

2.3 A Heuristic Algorithm for Local Parent-to-b e As-
signmert

Given node v's parent u and its children set C =

C with u asthe root. Unlike the algorithm proposed
in [7], this algorithm consistsof se\eral iterations, ead
of which forms a di erent tree. In ead iteration, we se-
lect a dierent node c2 C with d,(c) > 1 asthe child
of the root u, and then insert the remaining nodesin
set C into the tree one by one, without violating the
degreeconstraint on eac node. In the end, we compare
all the trees produced by these iterations, and choose
the one with the leastweighted latency. Through these
iterations, the algorithm doesa more extensive searh
in the solution spaceand thereforeis morelikely to nd

a better solution. Becausethe size of the children set
C is usually small and u only acceptsone child, the
computational costis acceptable.

2.4 Discussion

The local parent-to-b e locating only useslocal nodesas
the candidatesfor parent-to-be. The number of links

Algorithm 1 localPtbAssignment(v,C)

1. Setlmin =1 ,and da(g) = dr(g)+ 1(j=0:::n 1)

2: if every c2 C hasda(c) == 1then

3:  Selectc 2 C such that it has the least w(u; c) among all
nodesin C. Return T, = (fu; cg; f (u; c)g; u).

4: for every element c in C with da(c) > 1 do

5: SetA = fu;cg, and B = fcp;c1;:::;6n 1gnfeg.
SetI(c) = w(u;c), and da(c) = da(c) 1.
Set E; = f(u;c)g, and L = s(c) I(c).

6: For everyy 2 B, setl(y) = I(c) + w(c;y), wi(y) = s(y)
I(y), and p(y) = cp

7 while B 6 ; and ;g da(d) > 0do
8: if jBj== 1then
9: Let the only element in B beb.
10: else
11: If B hasat least one node with available degreegreater
than 1, selectb2 B, such that its wl(b) is the smallest
among all those nodes currently in B with da(b) >
1; otherwise, select b 2 B such that its wl(b) is the
smallest.
12: SetA= A[ fbgand B = B nfhg.
SetL = L + wl(b), and E| = E| [ f(p(b);b)g.
Set da(p(b)) = da(p(b)) 1, and da(b) = da(b) 1.
13: If da(b) 1: for every y 2 B, if wi(y) > s(y) (I(b) +
w(byy)), setl(y) = I(b) + w(biy), wi(y) = s(y) I(y),
and p(y) = b.
14: If da(p(b)) == 0: for every y 2 B with p(y) == p(b),
nd anodea?2 A with da(a) 1 and the smallest value
s(y) (I(a) + w(a;y)) among all nodes in A, and set
I(y) = 1(a) + w(a;y), wi(y) = s(y) I(y), and p(y) = a.
15:  if s@ < Lmin then
a2A
16: Set Lmin = Pl_is(a)' and T) = (A; Ej; u).
a2A
17: Setda(c) = dr(g)+ 1,forj=0:::n 1
18: Return T;.

on the grandparent is the same before and after the
actual recovery. Therefore, it can accommalate con-
current failures, such as two siblings fail at the same
time [5]. However, the local parent-to-b e locating can-
not guarantee nding a parent-to-b e for ead a ected

node. This will happen when the total residual degree
of ¢'s is not large enough. In general,if the total resid-
ual degreeof ¢i'sis k (k < n 1), we can only nd

parent-to-b e for k + 1 children. This leadsus to con-
sider global parent-to-b e locating.

3. Global Parent-to-b e Lo cating

Global parent-to-b e locating will not limit the candi-
datesfor parent-to-b e to the grandparen and siblings.
Rather, a node can have any non-descendenh unsatu-
rated node asits parent-to-b e. This will solvethe prob-
lem of nding a parent-to-b e when the local parent-to-
be locating method is unsuccessful.Even when we can
nd alocal parent-to-b e for a node, the global parent-
to-be locating method can be usedto nd a parert-to-
be that hasa smaller latency.

3.1 Maintenanceof Unsaturated Node Information

The key problem of the global parent-to-b e locating



technigueisto nd an unsaturated node. A simple way
to do this is that every node independertly seardes
in the overlay multicast tree basedon some searding
strategy until someunsaturated nodesare found. How-
ever, there are two problems. First, it will generate
quite sometra c beforeanodecan nd an unsaturated
node becauseit has no knowledge about which paths
will leadto somenearby unsaturated nodes. Second,in-
dependert seardesfor parents-to-be by di erent nodes
result in searding the sameunsaturated node multiple
times.

Our strategy is to let the RendezvousPoint (RP)
maintain the list of unsaturated nodes. Each unsatu-
rated node periodically sendsupdate about its statesto
the RP. The statesof an unsaturated node x sert to the
RP include its residual degree,ancestor list A(x), and
the number of its children-to-be n¢y (x). The children-
to-be of a node x are those nodesthat take x as their
parent-to-b e.

The RP may, or may not, have the information
about latencies among nodesin the multicast tree. If
it has, it will make a more informed selectionof candi-
date parent-to-b e nodes. However, we will not depend
on the maintenance of accurate latency information.
Also the residual degreeinformation about the unsat-
urated nodes may even be outdated. It is individual
node's responsibility to ched out whether the unsatu-
rated nodesreturned from the RP really have the ca-
pacity to support more children and thus can sere as
its parent-to-b e, and selectthe best unsaturated node
with the minimum latency from the candidate set by
probing those nodes.

3.2 Global Parent-to-b e Locating Scheme

When anode c cannot nd a parent-to-b elocally, it will
senda requestto the RP, which returns a parent-to-b e
candidate set P to c. After getting the parent-to-b e
candidate set P, c probesthe nodesin P, and selects
anodef 2 P asits parent-to-be such that f has at
least oneresidual degreeand the value I(f ) + w(f ;) is
the smallestamongall nodesin P, wherew(f ; c) is the
probed latency betweenf and c. Node c periodically
probesthis non-localized parent-to-b e.

The global parent-to-b e locating schemeis imple-
mented in Algorithm 2. It usesthe ancestorlist A (x) to
determine the valid candidate for parents-to-be. Node
p is glokally eligible to be the parent-to-b e of c if and
only if 1) cis not in the ancestorlist A(p) of p, and 2) p
has at least 1 residual degree. The algorithm also tries
to balancethe load on those quali ed nodes. It com-
putesthe ratio of the number of children-to-b e over the
number of residual degreesof the unsaturated nodes,
and chooses unsaturated nodeswith the least ratios,
where is a system design parameter specifying the
size of the candidate set.

There are sewral benets to do load balancing.
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Algorithm 2 glotalPtbCandidates(c)

Given: A node c, and a system design parameter
the size of the parent-to-b e candidate set.
Find: A parent-to-b e candidate setP for c.
1: Let a be the number of unsaturated nodes that have a valid
timer at the RP.
Setb=0,and P = ;.
2: while b< and b< ado
3:  Select x from the set of unsaturated nodes, such that c is
not in its ancestor list A(x), and it has the least %
value.
4: SetP =P[ fxg,and b= b+ 1.
5:  Setngp(X) = hey (X) + 1. Remove x from the set of un-
saturated nodes.
6: Return P.

specifying

First, it helps reduce the occurrencesof parent-to-b e
conicts in the face of concurrert node failures. Al-
though it cannot completely avoid the parent-to-be
conicts, the node that fails to use its parent-to-be
to immediately recover from parent departure can still
quickly nd another new parent through the RP. Sec-
ond, the departure of any unsaturated node does not
lead too many nodeswho are its children-to-be to up-
date their parents-to-be. Third, sinceead node proac-
tively probesits parent-to-b e, load balancing prevents a
singleunsaturated node from being overloadedby these
probes.

The global parent-to-b elocating schemecan poten-
tially nd a better parent-to-b e than the local scheme,
but it is not necessarilya good idea to usethe global
schemealone. This is becausat may result in that more
nodesdepend on the globally located nodesas parents-
to-be and thus increasethe possibility of conicts. The
result is either we have to nd new parents-to-be fre-
quertly, or we have to su er longer recovery time.

4. Integrating Local and Global Parent-to-Be
Lo cating Metho ds

In this section,we will present a combined parent-to-b e
locating algorithm. We will also discussa circle avoid-
ance method for recovery, and a protocol for repairing
the tree.

4.1 Integrated Parent-to-b e Assignmert Algorithm

Algorithm 3 illustrates the integrated parent-to-b e as-
signmert scheme. It is based on the local scheme,
and gets help from the global scheme when necessary
Each non-leaf node v rst tries to nd the parents-to-

u and its children. Then v lets some of its children
nd their parents-to-be through the global parent-to-
be locating, if 1) v is not ableto nd the parents-to-be
locally for these children due to lack of enough total

assignedparents-to-b e of these children will causea la-
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Algorithm 3 integratedPtbAssignment(v)

Given: The child set of node v is C = fcp;c1;:::;¢n 10

Find: The parent-to-b e for each nodein C.

1: Get T by calling the local parent-to-b e assignment algorithm.

2: For each node in C that is not included in T, use global

parent-to-b e locating algorithm to nd a parent-to-b e.

3: Let CObe the set of children of v that are included in T with

the latency degradation greater than

4: while not all nodes C° have been checked do

5. Selectc 2 C%such that it has the greatest weighted latency
degradation among all nodes that have not been checked
yet in CO where the weighted latency degradation for a
node c is the product of its latency degradation and the
size of its subtree s(c).

6:  Call the global parent-to-b e locating algorithm to get a set
P for c.

7: Choose a parent-to-b e p® 2 P such that it has at least
one residual degree and the least I(p% + w(p% c) among all
nodes in P, where I(p°) is the latency of p®in the current
multicast tree.

8: Let I(c) be the latency of c in the current multicast tree.

9: if 1(p%+ w(p%c)< @+ ) I(c) then

10: Set the parent-to-b e of ¢ as p(c) = p°

11: SetC%= COnfcg.

tency degradation greater than , i.e., the latency for
the nodein the recoveredtree will be morethan (1+ )
times its latency in the current multicast tree.

When a non-leaf node v nds a child leave or a
child join, it triggers a new recovery plan computation
for its children. It will not initiate the pre-computation
algorithm if the joined node is its rst child or the
leaving node is the last child. It will delay the pre-
computation if it expectsthat joins and leavesof other
children will happen soon. For example, after a child
leaves,it may expect that its grandchildren, if any, will
join soon. Each node c that hasa non-localized parent-
to-be probesits parert-to-b e periodically with a cer-
tain probing frequency Whenewer this parernt-to-b e is
found to have left the tree, or is not globally eligible to
be the parent-to-b e of ¢ any more, c corntacts the RP
and resorts to the global mechanism to nd another
parent-to-b e.

4.2 Interference among Recoveries from Concurrent
Failures

When a setof nodesfail at the sametime, their children
independertly resort to the parents-to-be to reconnect
to the overlay multicast tree. The following three cases
of recovery interference may occur. 1) Failed parent-to-
be: A node contacts its parent-to-b e, but this parent-to-
be happensto have failed, too. 2) Conicting parent-
to-be: The children of dierent departed nodes have
the samenode as their parent-to-b e, but this parent-
to-be does not have enoughresidual degreeto accept
all of them as children. 3) Recovery circle: A recovery
circle is formed amonga set of concurrernt disconnected

For the rst two casesgither the parent-to-b e does
not respond to the join request, or the parent-to-be
nds that it has become saturated by accepting the
join request(s) from other nodes. Hence, a timeout or
a rejection to the join requestcan imply a failed recov-
ery due to the interference causedby concurrernt node
failures. For the third case,we obsene that a recovery
circle appears only if every parent-to-b e in the circle
also experiencesdata disruption. Therefore, if node ¢
sendsa join requestto its ptb(c) and getsa reply imply-
ing that ptb(c) is also experiencing data disruption, it
will senda requestto the RP to nd other nodesthat
are globally eligible to be its parents-to-be. If its orig-
inal parent-to-b e receives streamed data before a new
parent-to-b e is identi ed, c attachesitself to the orig-
inal parernt-to-b e; otherwise, it tries to connectto the
newly found parent-to-b e. This processis described in
more details in the next subsection.

4.3 Protocol for Repairing the Tree

We now describe the protocol for nodesto repair the
overlay multicast tree oncenode failures really happen.
We assumethat there is a heartbeat mechanism for
nodesto detect the departure of their parent and chil-
dren. When the parent leaves,ead of its children needs
to contact a new parent by sendinga JOIN message.

When a node receives a JOIN request, it will re-
spond based on its own situation. 1) If its residual
degreeis at least 1, and it is not experiencing data dis-
ruption, it will acceptthe requestand reply with AC-
CEPT message?) If it hasno residual degree,it rejects
the requestand reply with REJECT messageR) If its
residual degreeis at least 1, and it is also experiencing
data disruption, it will partially acceptthe requestand
reply with PARTIAL-A CCEPT;

When a node detectsits parent leaving, it will start
the join process.1) If the parent-to-b e is not empty Y,
it will rst senda JOIN requestto the parent-to-be
and setatimer. If an ACCEPT messagearrivesbefore
the timer expires, it successfullyconnectsto the new
parent. 2) If it hasno parent-to-b e information, it asks
the RP to return a parent-to-b e candidate set, and then
sendsJOIN requeststo all the nodesin this set.

The node alsorequeststhe RP to return a parent-
to-be candidate set and sendsJOIN requeststo this set
in the following cases:1) no ACCEPT arrivesbeforethe
join timer expires;or 2) a REJECT is returned; or 3) a
PARTIAL-A CCEPT arrives. For the rst two casesor
the situation with empty parert-to-b e, the node from
the probed set that rst responds with ACCEPT be-

y P The casethat a parent-to-b e is empty happens
when its parent fails before calculating a rescueplan. This
cannot be avoided even with our proactive approach. For
example, a node just joins the tree, and its parent fails be-
fore sending a parent-to-b e to it.




comesthe new parent and the JOIN requeststo all
other nodesare invalidated by sendingCANCEL-JOIN

messages.For the third case,if the node doesnot get
streameddata from its original parent-to-b e beforethe
rst responsefrom the candidate set arrives, the rst

responding node in the candidate set becomesthe new
parent, and CANCEL-JOIN messagesre sen to the
original parent-to-b e and all other nodesin the candi-
date set; otherwise, CANCEL-JOIN messagesre sert
to all nodesin the candidate set.

5. Performance Evaluations

The bene ts of integrating the local and global parent-
to-be locating together are examinedby answering two
guestions. 1) How many nodes in a multicast tree
cannot nd feasiblelocal parents-to-be due to lack of
enough residual degree? and 2) How much can the
quality of the restored tree be improved through the
integrated parent-to-b e assignmen? In addition, we
study the recovery respnsiveness which refersto how
fast the multicast tree can be restored.

In the simulation, we use GT-ITM [8] to generate
1600node transit-stub topologiesasthe underlying net-
work. One stub node is randomly chosenasthe source
and other end-hostsare randomly distributed in stub
domains. The total number of end-hosts varies from
200to 480in our experiments. The weights of the edges
in the graph represen the network-layer link latencies,
which vary from 1msto 245ms. The application-level
distance between two end-hostsis the sum of link la-
tencies on the shortest path betweenthem. The total
degreeof ead node is uniformly distributed between
2 and 6, if not mertioned otherwise. All experimernts
begin with a delivery tree establishedby a algorithm
similar to Algorithm 1. Then end-hostsjoin or leave
the tree dynamically, which are both modeledasa Pois-
sonprocesswith rate = 0:2=second Each experiment
lasts for two hours. In the experiments, the degradation
factor is setto zerobecausewe hope that the latency
of a node does not degrade after it recovers from its
parent failure. The size of the parent-to-b e candidate
set, ,issetto 15if not mentioned otherwise. In addi-
tion to the averagevalues, we plot the 90% con dence
intervals for Figures 2, 3 and 5.

5.1 Local parent-to-b e assignmen is not always feasi-
ble

As discussedn Section?2.4, for a node v, whenthe total
residual degreek amongits n children islessthan n 1,
some of its children cannot nd parents-to-be locally.
Figure 2 depicts the percertage of tree nodesthat can
nd parents-to-be locally. All other nodes must resort
to the global parent-to-b e locating. The x axis is the
averagenumber of node degreesD 5,4 varying from 2:5
to 4. The node degreeis uniformly distributed within
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Fig. 2 Percentage of nodesthat can nd parents-to-b e locally

range[2;2 Dayg 2]. Dierent curvesrepresern the
results for multicast treeswith di erent numbersof end
hosts. When Dayg = 2:5, there are about 17% of nodes
that cannot nd parents-to-belocally. Evenfor the best
casewhere Dayg = 4, there are still about 7% 8%
sudh nodes. The obsenation is that the global parent-
to-be locating is necessarysince the local parent-to-
be assignmets cannot nd feasible solutions for some
nodes.

Unlike the local parent-to-b e assignmen, the in-
tegrated approach can always nd a parent-to-b e for
every node in our simulation settings. However, when
a node needsto recover from the parent failure, it is
possible that its parent-to-b e has reached the degree
limit, or the recovery protocol nds that there exists
recovery interference. In these cases,the parent-to-b e
is no longer valid asthe new parent at the time of re-
covery. We study the integrated assignmen and nd
these casesonly happen with a very small probabil-
ity, i.e., 0:5% 3%. Sothe integrated approach can
signi cantly improve the e ectiv enessof the proactive
recovery method by providing almost every node with
a valid parent-to-b e to contact with at the time of re-
covering from the parent failure.

5.2 Integrated parent-to-b e assignmen improves the
quality of the restored trees

The quality of the restored tree is measuredby the la-
tency from the root to the tree nodes after recover-
ing from node failures or leaves. Figure 3 compares
the maximum delays of the nodesin the tree from the
root, when di erent parent-to-b e assignmen schemes
are used. We use Dayg = 4 in this experiment. For
the integrated parert-to-b e locating, the maximum la-
tency ranges between 2766msand 3147ms. In con-
trast, the local parent-to-b e assignmem producesmuch
higher maximum latency ranging between 3335msand
4328ms,and its curve climbs up fast as the size of the
multicast tree increases. We can nd that the inte-
grated schemeis much more e ectiv e in bounding the
latency of tree nodes, comparedwith the local parent-
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to-be assignmen.

Also shown in Figure 3is that the maximum laten-
ciesof the restoredtree for the integrated parent-to-b e
assignmen climbs up only slightly as the tree sizein-
creases,in cortrast to the fast climb-up for the local
approadh. In the local assignmen approad, without
taking into accourt how much the node latencies will
degradeafter recovering from parent failures when lo-
cating the parents-to-be, the multicast tree may be re-
coveredin such a way that the latenciesfor somenodes
are larger than before. This e ect becomesmore ob-
vious when we have more nodesin the tree. The inte-
grated parent-to-b e assignmen ensuresthat the node
latencies do not degrade as the time goeson. So the
maximum tree latency is similar to the maximum la-
tency when the multicast tree is initiated, which in-
creasesonly slightly asthe tree sizeincreases.

Figure 4 depicts how the size of the parert-
to-be candidate set, , aectes the maximum latency
of the restored multicast trees, when using the inte-
grated parent-to-b e assignmen. Three curves labeled
by \in tegrated( )" correspond to the experiments with

equalto 10, 15 and 20, respectively. We obsene that
di erent valuesof leadto quite similar maximum tree
latencies, all of which are much smaller than that of
the local approach. In another word, the e cacy of
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Fig. 5 Average recovery time

the integrated parent-to-b e assignmen on improving
the tree quality does not depend heavily on the size
of the parent-to-b e candidate set, although larger size
may lead to somedegreeof improvemen.

5.3 Integrated parent-to-b e assignmen achievesgood
recovery responsiveness

The recovery responsivenessis measuredby the
recovery time, which is the averagetime for an a ected
node to nd a new parent after a node fails or leaves
the tree. Speci cally, we calculate the sum of latencies
of the links the control messagetravels before nding
the new parent as the recovery time. Here we do not
presert the comparison betweenthe proactive and re-
active recovery approadiessinceit hasbeenshown that
the proactive approad can reconstruct the tree much
faster [5]. Rather, we compare the average recovery
time of the local parent-to-b e assignmen and the inte-
grated parent-to-b e locating in Figure 5. The average
recovery time of the integrated scheme is better than
that of the local parent-to-b e assignmen. This can
be explained as follows. The integrated parent-to-b e
assignmen with a parameter ensuresthat the node
latencies after recovering from parert failures are no
greater than 1+ times of the latencies before the
recovery. With  setto zero, the latencies of the af-
fected nodesafter failure recovery do not degrade. This
implies the chancesthat a node locates a parent-to-
be which has large latency to it are small, which con-
tributes to the relatively small averagerecovery time.
The local approach limits the choice of the parert-to-
be for a node to a very small set consisting of only
its grandparent and siblings. This may have a node as-
signedwith a parent-to-b ethat hasa large latency to it
and thus lead to large recovery time. Both approaches
show a trend of decreasingrecovery time. With more
nodesin a tree, the averagelatency between nodesis
reduced. Therefore, the time for messageso travel the
links is reduced. This results in shorter recovery time.
Wealsousedierent values(10, 15, 20) for the exper-
iment and obsene that the value of doesnot impact



much on the averagerecovery time. Weuse = 15in

Figure 5.
6. Related Work

The problem of reconstructing overlay multicast trees
hasbeenrecognizedand dealt with in seweral recert pa-
pers. Spreadlt [3,4] proposedreactive strategiesto deal
with node leaving or failure in overlay multicast. They
nd appropriate placesin the subtree of the grandpar-
ernt or root for the a ected nodesafter failure happens.
Becauseit usesthe reactive approad, the time to nd

an appropriate place can be long and those a ected
nodes may compete with ead other for available re-
sourcesat the grandparent or the root.

CoopNet [9] depends on the complete tree topol-
ogy maintained at the root of the tree for recovery. Af-
ter eadh node departure, the root seardesthis locally
maintained tree topology and nds new parerts for the
children of the leaving node. The e cacy of this re-
active recovery approacd relies heavily on the accurate
and up-to-date states about all nodes maintained at
the root. In addition, every reconstruction has to go
through the root. All these can impose high cortrol
trac concerration on the root and its neighborhood
and the root can becomea single point of failure.

Our previous work [5] proposesa proactive ap-
proach for tree reconstruction in overlay multicast. It
formulates the problem asthe minimum spanning tree
problem and only useslocal parent-to-b e assignmen.
In this paper, we not only uselocal parent-to-b e locat-
ing method, but use the global parent-to-b e locating
method to deal with the caseswhen the local solution
is not ableto nd the parent-to-b e for a ected nodes.
We also improve the quality of the reconstructed tree
by rede ning the local assignmen problem.

7. Concluding Remarks

Maintaining the overlay multicast tree involvesrecon-
structing it after a node fails or leavesthe session.We
needto do it timely sothat the disruption to the af-
fected nodesis minimized. The proactive approad is
promising in that it precalculatesthe parent-to-b e be-
fore the departure actually happens. However, the local
proactive assignmeim method cannot generatea parent-
to-bewhenthe total number of residual degreesof local
nodesis not big enough. This paper solvesthis impor-
tant problem by proposing a global scheme and inte-
grate the two together. We also de ne a new metric
for the local schemeto optimize for multimedia appli-
cations. Extensive simulations demonstrate that the
quality of the recovery tree is improved while the re-
sponsivenessof the proactive approad is maintained.
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