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Abstract—In this correspondence, we first point out an error in Jia’s al-
gorithm (1998) by a counterexample. Second, we provide a fix and make an
improvement to the part of Dynamic-Join. Finally, we give an analysis and
a correctness proof of our algorithm.

I. A COUNTEREXAMPLE TO JIA’S WORK

In [1], Jia gave an algorithm for finding a Multicast Routing Tree
(MRT) with a bounded delay. We showed that the resulting network
as produced by the algorithm may contain cycles and therefore is not a
tree. Fig. 1 is a simple network in which the cost and delay for each link
are assumed identical. The destination nodes are shown in solid circles
and the delay constraint for each destination is 6. In Fig. 1, because
node b is the node which is closest to the tree (initially, there is only
one source node s in the tree), the source node will first set up a path
s — a — b to destination b by sending a Serup state message. When
the Setup state message arrives at the destination b, node b according to
the algorithm in [1] will choose node a as the next fork node to set up
the second path to destination h, that is, « — d — e — h. When the
Setup state message arrives at destination %, node h will send a Fork
state message to the source node s for setting up the final connection
s — d — e — h — i. And at this time, a cycle occurs. Fig. 2 is the
result after executing Jia’s algorithm and acycle s — a — d — s will
be produced. Hence, the result of Jia’s algorithm is not guaranteed to
be a tree.

II. CORRECTIONS AND IMPROVEMENT
A. Corrections

Other than the cycle processing and tree pruning given below, the
other processes of constructing an MRT are the same as [1].

1) Cycle Processing: In this part, we will describe how to deal with
the problem of cycles during the construction of the MRT. A cycle can
be easily detected by checking whether the node is already in the cur-
rent MRT. In other words, when a node v, which had a parent (old),
gets another parent (new), a cycle has resulted. Cycle processing is
composed of two parts: upward adjustment and downward modifica-
tion. These two parts of actions can be done in a concurrent way.

Upward adjustment is to adjust the parent of the cycle node v from
old to new. Node v sends a Break state message to its old parent node
vp, and resets its parent node to the new one. Upon receiving the Break
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Fig. 1. Example of a network graph, A = 6.
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Fig. 2. Counterexample of cycle occurrence, A = 6.

state message, node v, removes its link to node v. Lemma 2 shows that
all destination nodes in the sub-tree rooted at node v are guaranteed to
satisfy their delay constraints after changing the parent node from old
to new.

Downward modification is to modify the contents in the 72D table
in Jia’s algorithm and to modify the accumulated delay associated with
each node in the sub-tree 7, rooted at the cycle node v, due to the
change of the tree topology and the new delay D,, which is smaller
than the old delay. Node v broadcasts Modify state message to every
node in the sub-tree rooted at node v to modify the accumulated delay
layer by layer from top (the cycle node v) to bottom (the leaf nodes).
However, the process of modifying the 72D table begins from bottom to
top layer by layer. Every leaf node in the sub-tree will use the heuristic
function, equation (8) described in [1], for changing the contents in the
T2D table by using the new accumulated delay, and send the updated
T2D table to its parent node. Each nonleaf node will modify the entries
in the 72D table according to the contents in the 72D table sent from
all its child nodes and itself. When node v gets the new 72D table sent
from all its child nodes, it will create a new routing message (i.e., Setup
state message) and forward the new routing message to the next hop
node to the destination.

2) Tree Pruning: After v, breaks the connection to the cycle node
v, v, may be a dangling node, i.e., it is neither a destination node nor a
relay node. Hence, it is necessary to prune the unnecessary links in the
MRT. After the source receives the Complete state message, the source
will check if the cycle variable C; in the message is true, reflecting if
a cycle occurred during the construction of MRT. If there is no occur-
rence of a cycle (C; is “False”), the process finishes and the current tree
is the final MRT. However, if the variable C'; is “True”, the source will
broadcast a Probe state message to each node in the MRT for pruning
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the unnecessary connections. The process of pruning the MRT begins
from bottom to top layer by layer. Upon receiving the Probe state mes-
sage, each leaf node in the MRT will check whether it is a destination
or not. If it is not a destination, it would send Prune state message to its
parent node. After receiving the Prune state message, the parent node
will delete the connection and continue to send the Prune state mes-
sage if it is neither a relay node nor a destination node after deletion. If
the node in the MRT is either a destination or a relay node, then it will
send an OK state message to its parent node. When the source node
receives replies (either OK state message or Prune state message each)
sent from all its child nodes, the MRT is finished and the algorithm ter-
minates.

B. Improvement in the Part of Dynamic-Join

In the part of Dynamic-Join in [1], the source node has to maintain
the information of how many leaf nodes there are in the current MRT
(because Jia’s algorithm requires all leaf nodes sending a reply message
to the source for deciding the closest path from the tree to the new
destination node and all destination nodes are not necessarily located at
the leaves of the tree, i.e., the number of leaf nodes are not fixed). In our
improvement, we require only that every destination node in the tree
send a reply message back to the source. After the source node receives
replies equal to the size of the multicast group, the source would know
which node in the tree is closest to the new destination and its cost.
Thus, the source node need not maintain the information regarding the
number of leaf nodes in the MRT.

III. ANALYSIS AND CORRECTNESS PROOF OF THE ALGORITHM

A. Analysis of the Algorithm

Theorem 1: The time complexity and message complexity of con-
structing a MRT (i.e., algorithm Tree-Construction) are O((|M|+|C|)-
|V']) where | M| is the size of the multicast group M, |C'| is the number
of cycles created, and |V] is the number of vertices in the network.

Proof: For algorithm Tree-Construction, all destinations are
joined in the multicast tree sequentially. For each destination node
we need to initiate a Setup state message (there are | M| destinations
in total, so it needs |M| Setup state messages), which is passed from
node to node until the destination is reached. For each destination
the total path length is at most |V| — 1. Meanwhile we need to send
|M| — 1 Fork state messages for each subsequent destination node.
Since a cycle may be created occasionally, for each cycle detected
we need to send a Break state message to eliminate the cycle and to
adjust the accumulated delay and the contents in the 72D table by
broadcasting Modify state messages to the sub-tree rooted at the cycle
node. We need O(|C| - |V'|) time for cycle processing. Finally, we
need to prune the unnecessary connections (redundant edges) in the
MRT and to send a Complete state message to finish the multicast
group connection. Thus, we conclude that the total time complexity of
algorithm Tree-Construction is O((|M| + |C]) - |V]).

The message complexity of the algorithm Tree-Construction is the
same as the time complexity because the construction of the MRT is
sequential. Therefore, the message complexity of the algorithm Tree-
Construction is also O((|M| + |C|) - |[V]). [ |

B. Correctness Proof

In this part, we will give a correctness proof of the cycle processing.
It includes upward adjustment and downward modification two parts.

Theorem 2: After finishing downward modification, the 72D table
in Jia’s algorithm can correctly reflect the optimal path information
from the new tree to every remaining destination node.
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Fig. 3. Illustration for the proof of Theorem 3.

Proof: Due to the change of the tree topology, downward modi-
fication relatively needs to do two tasks. One is to modify the accumu-
lated delay of every node in sub-tree rooted at the cycle node v, and
the other is to modify the content in 72D table. The process of modi-
fying the accumulated delay is from top (the cycle node v) to bottom
(leaf nodes). However, the process of modifying the 72D table is from
bottom to top layer by layer. Every node in the sub-tree 77, will look
up its routing table and choose the best one candidate path from the
results of the returns (72D table) of its child nodes and itself. After de-
ciding the result for every destination nodes in the 72D table, it will
return the modified 72D table to its parent node for further decision.
Upon the root (cycle node v) of the sub-tree 7', receiving the modified
T2D table sent from all its child nodes, it also does the same actions de-
scribed above and modifies the content in the 72D table. Thus, after the
change of the tree topology, the final 72D table modified by the cycle
node v can correctly reflect the optimal path information from the new
tree to every remaining destination node. |

Theorem 3: After finishing upward adjustment, destination nodes
in sub-tree rooted at the cycle node v still satisfy their individual QoS
constraint.

Proof: From Fig. 3, suppose a cycle was created when destination
node w (s — u — v — w) was included in the MRT. It means that
delay(s,u) + delay(d) + delay(v,w) < Ay, but delay(s,u) +
delay(8") + delay(v,w) > A,,. Hence, delay(6) < delay(é"). For
each destination node d;. in the sub-tree T, rooted at node v, we have

delay(s,u) + delay(6) + delay(v, dy)
< delay(s,u) + delay(8") + delay(v, dy.).

That is, the delay for every destination node in the original MRT is
actually reduced and hence no violation to any delay constraints is cre-
ated. |

IV. CONCLUSION

We have pointed out an error in Jia’s algorithm [1] that the multicast
routing network produced may contain cycles, i.e., it is not necessarily
a routing tree, and shown that the error can be fixed with a cycle pro-
cessing mechanism, including cycle detection and cycle elimination
procedure. With this mechanism, the final result of our algorithm is
guaranteed to be a tree (i.e., cycle free) and every destination node in
the MRT must satisty their individual QoS constraint.
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