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Abstract—Various distributed multi-source applications such
as 3D Virtual Immersive Systems (3DVIS), 2D/3D Videoconfer-
encing, Multi-party games, etc. require the construction of a mul-
ticast overlay through which the video blocks are streamed from
source to receiver. The most general multicast model involves a
single source and a set of receiver nodes also known as multicast
set with a single stream to each receiver. In this paper, we are
interested to investigate a different multicast model consisting
of multiple sources and receivers which is quite common in
3DVIS/video conferencing applications where each node serves
both as a source and a receiver. The problem of constructing a
multicast overlay for multi-source is hard and we are interested
to guarantee certain QoS constraints such as end-to-end latency
and latency variations. Latency variation constraints are very
important in collaborative applications for maintaining real-
time interactivity and multi-stream synchronization. We present
an efficient heuristic solution for the muti-source multicast
construction problem with an economical time-complexity.

I. INTRODUCTION

Distributed multi-source multimedia applications such as
3D Virtual Immersive environments and Multi-party games
are becoming more popular. All these applications require the
construction of a multicast subnetwork spanning one/multiple
source and a set of receivers also known as the multicast
set along with other intermediate nodes. Moreover, such
applications also demand certain QoS guarantees in terms
of end-to-end latency along individual paths from source to
each receiver. In this paper, we also consider other QoS
parameters based on latency variations in the multi-source
multicast scenario. These type of QoS guarantees will help to
provide synchronization among various receivers in a multi-
stream system so that all are at a same pace with no one having
moved far ahead or left behind in a multicast session.

Fig.1 illustrates the communication model of a multi-source
collaborative environment where the sites are organized in
an overlay network and participate in a collaborative virtual
space. Each site is equipped with multiple 3D cameras and
display units. Each 3D camera is spatially oriented to capture
the same physical scene from various angles. Each 3D camera
produces a video stream which is transmitted across the
overlay network and then rendered to a shared virtual space for
projection in display units [10]. In a collaborative application,
such as tele-immersive dance [7], each 3DVIS site produces
and receives multiple streams from other sites and thus it
corresponds to a multi-source multicast scenario. [10] have
proposed an efficient multi-stream content delivery framework
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Fig. 1: A distributed Multi-Source network model

by exploiting semantic correlation among the multiple streams.
As stated in [9], it is also important to reduce the latency varia-
tion among the multiple streams for synchronized delivery of
video segments which is very crucial for 3D rendering and
real-time interactivity of collaborative systems. For example,
in Fig.1, A receives stream Sy from B and stream S& from
C. Our goal in this paper is to reduce the latency variation
between S‘g and Sé (inter-source latency variation) for A and
likewise we wish to similarly achieve this for all other sites
such as B and C. We would also like to have a soft-bound on
the combined inter source/receiver latency variations between
all streams Sf to keep them synchronized. We will henceforth
refer to this problem as Multi-Source Latency Variation based
multicast overlay or MSLV.

The latency variation problem was first introduced in [6]
and was proved to be NP-complete. Several heuristic solu-
tions [8], [5], [1], [9], etc followed in the literature and the
problem was formulated as Delay Variation Bound Multicast
Network(DVBMN). [9] achieved the tightest latency variation
bound with a time-complexity of O(mk log(m)) where m is
the number of receivers and k is the number of shortest paths
from source to each of the receivers. [2] extended the DVBMN
problem by considering multiple paths from source to receiver
and solving with the same time-complexity as [9]. Both the
solutions follow a two-step framework where the first step
involves in deriving k shortest paths a.k.a ksp from source to
each receiver carried out by an efficient algorithm [4] from
the literature. The next step involves the selection of optimal
paths from the ksp list so as to achieve the minimum latency
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variation bound. All these solutions considered a single source
in solving the problem and ignored the multi-source scenario
which is more complex and the focus of this paper. Moreover,
we also propose certain stringent latency variation constraints
which are crucial for rendering/synchronization in a multi-
source multicast overlay. We will solve the MSLV problem in
an analogous two-step framework as stated above, with a new
strategy for selection of optimal paths to derive the tightest
latency variation.

Another alternative approach to the latency variation prob-
lem is to employ buffering at the receiver. Our argument
against this approach is that the network under certain sce-
narios such as distributed online game applications should
not rely on receivers to delay messages because it could be
compromised by the end users to gain competitive edge over
others. Moreover, the buffering amount is proportional to the
maximum latency variation and providing bounds for this
variation will result in more efficient buffer usage as stated
in [6]. We believe that our scheme can be used along with
receiver buffers wherever appropriate which will help to solve
the latency variation problem. The remaining paper is orga-
nized as follows: The formal description of MSLV problem is
introduced in Section II. In Section III we discuss our heuristic
solution and algorithms for MSLV with time complexities.
Experiments and Analysis are discussed in Section IV and
we conclude in Section V.

II. PROBLEM FORMULATION

We consider a weighted graph G = (V, E) where V denotes
the set of nodes, E corresponds to the set of links between
the communication nodes and n = |V| is the number of nodes
and m = |E|, the number of arcs. We define an edge-latency
function L : E — IR* which assigns a nonnegative latency
to each edge of the graph. A set of receiver nodes D C V is
defined with size d = |D| for each source node. The graph also
consists of multiple source nodes represented by a set S C V of
size s = |S|. The goal is to find a spanning forest, IF = {T;|T; =
(V},E)s.t. EC EAV;C V;V1<i<s; ¥1<j<d}, such that each T;
is a subgraph that spans between a source node, s;{s;€S} and
every vertex d;€D subject to a few constraints described later
in this section. We also denote P(s;, d;) to be the path from
source s; to receiver d; € D and the accumulative latency
along this path will be }.cp, 4 L(e). We formulate three
latency metrics as follows: (1)End-to-End latency tolerance, A,
(2)Inter-Receiver latency variation tolerance, 6, and (3)Inter-
Source latency variation tolerance, A

Z Le) < A (1)

eeP(s;,d;)

VdieD;Vs; €S
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However, to have a strict bound on (2) and (3) we need to
define the following parameters:

ar = maxvdi,djeM;st,syeS Z L(E) - L(E) “)
ecP(s;dy) e€P(s;,dy)

Ar = maxys s esispiaen || Y, LEO= Y. L@t )
e€P(s,dy) e€P(s;,dr)

After defining all the latency variation metrics, let us now
try to understand each of them with respect to our model in
Fig: 1. (1) refers to the delay along any of the paths, SIJ, and
is bounded by a constant, A so that longer latency paths are
discarded which does not help in real-time interactivity. (2) is
a latency variation metric with respect to a source such as the
difference in the latencies along the path Sﬁ and Si for node
A, IL(SB) = L(S)! and similarly |L(55) — L(S$)| for node B.
Likewise, (3) is a latency variation metric with respect to a
receiver such as |L(S4) — L(S2)| for node A, |L(SB) — L(SE)|
for node B and similarly for C. These two latency metrics are
similar for the model in Fig: 1 since L(S?.) = L(S{) but they
are different in the more generalized model where the set of
source and receiver nodes are different and is elaborated in
the next section.

There can be many different combinations of applying the
above latency constraints but we wish to pursue the one which
is more realistic and useful for many applications. We observe
that in many applications (3DVIS, video conferencing), a soft-
bound on latency among all the paths will be useful which
will keep all the receivers within a synchronization window
(denoted as ) so that no one moves ahead or lags behind
beyond the defined bound in a multicast streaming session.
In other words, this constraint i.e. a bound on (4), is denoted
as ar which is Max(L(Sl].)) - Min(L(Sf)) and should be less
than f i.e. f>max(ar). Another constraint that we found to
be useful in collaborative applications is (5) which imposes
a tight bound among the various streams received from each
source. This constraint is modified from (3) and ensures that
the latency variation among the multiple streams received
by each node should be minimized as much as possible i.e.
min(Ar). Constraint (5) thus helps to effectively achieve multi-
stream synchronization at the receiver which will increase the
processing speed at the renderer end of a virtual immersive
system. Thus, the solution we propose for MSLV is the one
which keeps a soft bound(denoted as ) on ar in (4) while
attaining the tightest inter-source variation for each receiver
which translates to minimizing At in (5).

III. HEURISTIC SOLUTION

MSLYV uses a two-step framework solution analogous to [2]
which is quite simple and efficient. The initial step consist of
computing ksp for each source(s;€S) to every receiver(d;eD)
using the algorithm proposed in [4]. The algorithm returns a
set of dxs number of ksp-lists, with a total of sXdxk elements.
We denote each list as S{. where i denotes the source node
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Fig. 2: Example of a graph network with link latencies.

and j denotes the receiver node, similar to the convention of
paths in Fig: 1 and will be used interchangeably which will be
clear from the context. Each element of SZJ. represents a latency
value that is computed as the summation of the individual
latencies while traversing the path from i to j. One of the
points worth noting here is that the elements in Sl]. are in
ascending order which is a property of [4] and will be crucial
for our algorithm. The end-to-end latency constraint in (1) can
be satisfied at this stage by choosing only the values less than
A in SIJ, and discarding the others. The second step of our
framework involves the clever selection of dXs paths from the
total sxdxk element in ksp lists such that (4) is satisfied by
B and (5) is minimum. MSLV reduces to the original latency
variation problem in [1], [9] when s = 1, but we are interested
in the more complex problem of multiple source in this paper.

A. Motivational Example

To illustrate our MSLV solution, Fig:2 shows a sample
graph network where the source set is S = {V71, V5}, receiver
set is D = {Vy, V7} and {V3, V4, Vs} is the set of intermediate
nodes. We execute the ksp algorithm with the graph, G in
Fig: 2 as input and A=22 from constraint (1) with k=3. The
results are listed in Fig: 3. Now our objective is to choose paths
from the lists in Fig: 3 satisfying constraints (4), (5) and then
merging the selected paths back to form the resulting multicast
subnetwork. We know that a minimum spanning tree (MST)
solution to the problem will generate the least latency paths
from source to receiver but the latency variation constraint
will be ignored. We define the notion of latency-strip denoted
by IP as a set of elements such that exactly one element is
drawn from every list Slj.. As an example, the latency-strip of
MST would be P; = (12,16,16,12) obtained by taking the
first or least elements from each of the lists S¢,S7, 55,57 in
Fig: 3. The combined latency variation (ar) for this latency-
strip is found to be 4(16-12). If we assume 8 = 3, then MST
solution does not qualify as a candidate for MSLV since the
bound (4)(ar<p) is not satisfied. Let us denote the inter-source
latency variation for receiver i to be A;. For the above MST,
Aé = 4, A7 = 4 and so /\T = max(/\é, /\7) = 4. The MSLV
solution computed by our algorithm will be the latency-strip
of IP; = (17,17,20,20). By a careful analysis one can observe
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Path K-shortest Paths Latency
Latency List
V>V, >V, 12
EN V,2V,>V,>V, 17
VDV, Vv, 18
V,>V,5V, 16
s/’ VD V,>V,DV, 17
V,2V;3V, 5V, 21
V,>V,>V, 16
S, V,2V,DV, DV, 17
V,D2ViD>V, >V 21
V,> V>V, 12
S’ V,2V,0V, 20
V,3V,2V,DV, 21

Fig. 3: Sorted latency lists in ascending order.

that ar = 3(20 — 17) such that bound on (4) is satisfied since
ar<f and Ar = 0(A¢ = 0,47 = 0,Ar = max(0,0)) which
is the minimum latency variation in (5) from all the possible
valid combinations of latency-strip. The procedure to attain
this solution is discussed in Section III-C.

B. ksp Algorithm

The first step of MSLV solution is the computation of ksp
from source to receiver. We use an efficient ksp algorithm
from the literature in [4]. The Recursive Enumeration Algo-
rithm(REA) in [4] efficiently solves a set of equations that
generalize Bellman equations for the single shortest path prob-
lem. The algorithm recursively computes every new source-
receiver path by visiting the nodes in the previous source-
receiver path and using a heap of candidate paths associated
to each node from which the next path in selected. The total
time required to find the k-shortest paths in increasing order
is O(m + nk = log(m/n)).

C. MSLV Algorithm

The second step of MSLV framework receives dxs lists as
input from ksp algorithm with each list containing k elements
signifying k-shortest paths from each source to every receiver
and our objective is to achieve a latency-strip of dXs elements
such that bound on (4) is satisfied and (5) is minimum. We
can clearly observe that the brute force approach will take
exponential time complexity trying for all possible dxs paths
from sxdxk possible paths. The design philosophy of MSLV
algorithm is quite simple: we continuously try to enumerate
all the possible latency-strips in each iteration by evicting the
least element and adding the next element from the same list.
The final output will be one of the latency-strip among all the
intermediate ones with the most optimal value. Optimality in
this case refers to the satisfiability of constraints (4) and (5).
Since all the latency lists are sorted in increasing order, we
exploit this structure to follow our iterative search. Initially, the
first which is also the least element from each list, Sl]. is loaded
into a data structure. Then, for each iteration, the least element
from the data structure is evicted, the constraints are computed,
the optimal one is updated if true and the next element from
the same list is added. This iteration process continues until
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any of the lists are empty since by then MSLV have already
exhaustively searched through all the possible combinations
and found the most optimal one. The sorted list in increasing
order is an important requirement for the correctness of the
algorithm since we can intuitively verify that adding the next
element from the sorted list at each iteration is an optimal
choice since it has the highest chance to produce least variation
rather than an element at a distant position. The pseudocode
of MSLYV algorithm is given in Table: I.

TABLE I: Pseudo-code of MSLV algorithm

1. Initialize a min-heap(h) of size d * s
2. for j« Itoddo

3. fori « 1 to s do

4. h.insert(S![1])

5. zf(—l

6. max_strip < 0.0

7. min_Ar <o

8. Initialize 'd” RB-trees (f1,t2, ..., ;) of size ’s’ each
9. for je1tod do

10. for i< to s do

11. t;.insert(S][1])

12. if (Slj.[l] > max_strip)

13. max_strip<—S,]. [1]

14. end if

15. Initialize RB-tree *rbt’ of size d

16. Initialize max_latency array of size d

17. for i«1 to d do

18. max_latency; « t;.findmax() — t;. findMin()
19. rbt.insert(max_latency;)

20. if (max_strip — h.min()<p)

21. min_Art <« rbt.findMax()

22. best_at < max_strip — h.min()

23. while(true) do

24. X « h.extractMin()

25 if(x)es))

26. W — ti.seurch(S{[z{])

217. ti.delete(w)

28. rbt.delete(max_latency;)

29. z —z/+1

30. ty.insert(S)[z]])

31. if(z) > k)

32. break // out of while loop

33. else o

34. h.insert(Sf [z{])

35. if(SlZ [zlj. 1 > max_strip)

36. max_strip « Sf[zl/. ]

37. end if

38. max_latency; < t;.findMax() — t;. findMin()
39. rbt.insert(max_latency;)

40. if(max_strip — h.min()<p)

41. if(rbt. findMax() < min_Art)
42. best_ar < max_strip — h.min()
43. min_At <« rbt. findMax()
44, end if

45. end if

46. end if

47. end if

48. end while

Let us try to elaborate MSLV algorithm with more details
at each iteration as shown in Fig: 4. We will use the same
network graph from Fig: 2 and ksp list in Fig: 3 for the
sake of continuity with the previous discussion. The latency-
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Fig. 4: Tterative depiction of the running algorithm

strip is always maintained in /i and its contents are shown
in Fig: 4 along with the ksp list id on the top of the figure
from which the elements are taken. Before the first iteration,
the contents of h are shown in the row for Step:1 and
the corresponding latency variations are computed as already
explained in Section: III-A. During each iteration, the least
element from £ is evicted and replaced with the next higher
element from the same ksp list. For example, during iteration
1, least element 12 from S? is evicted and 17 is inserted
which is the next higher element in S?. We could also have
evicted 12 from S) in place of S which would only have
changed the flow of the algorithm but it will produce the same
result at termination and would not affect the correctness. This
process is repeated in every iteration of the algorithm and will
terminate whenever any of the Sl], list is finished. The algorithm
terminates after step 7 in Fig: 4 since S‘i’ is finished and no
more elements are left for scanning. The result at step 5 is the
optimal one and will be stored by the algorithm since A7 =0
is the minimum and best_ar = 3. In this example, we have
assumed f to be 6 and so all the latency-strips are candidates
for further processing. But, if we had chosen § = 4, then the
algorithm would skip Step 2 since it is not a candidate solution
as constraint ar<f from (4) will not satisfy.

D. Time Complexity

The total solution comprises of the ksp computation and
MSLYV algorithm. The time-complexity of the ksp algorithm
is O(m +nk+log(m/n)) and that of MSLV is O(dsk * log(ds)).
So, the total time-complexity of our scheme comes to O(ms +
nsk = log(m/n) + dsk * log(ds)).

For the time complexity of MSLV algorithm, the most
expensive step occurs inside the while loop and thus we
analyze those section only. The most expensive steps are Line
24, 34, 40, 42 which takes O(log(ds)) each. Otherwise, Lines
26-27, 30, 38 take O(log(s)) time complexity each and Lines
28, 39, 41, 43 take O(log(d)) each. All the other steps in
while loop are completed in O(1). Now, we need to calculate
the total number of iterations in while loop. Each while loop
iteration removes one element and inserts another. Since there
are at most sXdxk paths to be scanned in the total ksp-lists,
so the maximum number of possible while loop iterations is
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Fig. 5: Execution time comparison between Chains, DVBMN-1 and
MSLV

dsk. Therefore, time complexity of the MSLV algorithm is
O(dsk + log(ds)).

We can observe that the MSLV algorithm does not generate
the optimal combination of latency paths. We can fix this issue
by recording the iteration number when the optimal latency-
strip is produced in the first run and then, in the second run we
can use this information to stop at the recorded step and store
the corresponding latency-strip values. This will not affect
the time complexity of the algorithm since there are only a
constant number of runs.

IV. EXPERIMENTS AND ANALYSIS

For the purpose of evaluation, we implemented Chains [1],
DVBMN-/ [2] and MSLV with a comparison in terms of
execution time. The heuristics were run on randomly generated
graphs constructed using Georgia Tech Internetwork Topology
Models(GT-ITM) [3]. The topology of the overlay network
were created by placing the nodes in a 2-dimensional grid of
4900kmX4900km to resemble the whole network spreading
all over the United States.The latency for each link was set to
be proportional to the Euclidean distance between the nodes
connecting them. The average node degree of each graph was
kept in the range of 3.5 to 4. The algorithms are tested on
various graphs with the number of receivers varying from 20
to 1000. Each point in the plots represent the average value
taken over 50 graphs. The experiments were performed on
Intel Core 2 CPU(2.39GHz) and 2GB RAM running Linux
Fedora. We have set A = 0.05sec for our experiments which
is nearly 300 percent of the latency from source to the farthest
receiver.

Since there are no algorithms that addresses the MSLV
problem specifically, so to perform a fair comparison we have
tested Chains, DVBMN-/ and MSLV by bringing them into the
same platform. We have set [ = 1 for DVBMN-/ and s = 1 for
MSLV which makes them more or less similar in functionality
to Chains. Fig: 5 shows the performance comparison graphs
with 20-100 nodes and we notice that MSLV and DVBMN-/
outperform Chains. The dominant cost for all these algorithms
come from the ksp computation and though we don’t see
any significant difference of performance in Fig:5 but MSLV
is able to solve the problem with multiple sources unlike
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Fig. 7: Comparison with different values of k in MSLV

Chains where only single source is considered. This led us
to compare Chains and MSLV without ksp algorithm and
the results are plotted in Fig:6. It is now clear from Fig:6
that MSLV performs considerably better than Chains with
very high number of nodes. We can conclude that the rate
of increase in the execution time of MSLV is very low as
compared to Chains and so MSLV scales efficiently.

The execution time of DVBMN-/, MSLV and Chains de-
pends largely on the value of k. We observe that the value of
k increases with the increase in the number of nodes but for
a fixed value of A, it does not require a large value of k for
finding the tightest latency variation by MSLV which suggests
its usefulness and feasibility in real situations. Fig: 7 plots the
variation of time with increase in k for different number of
receiver nodes. From Fig: 7, it can be observed that for k=10,
the execution time increases almost in a linear fashion with
increase of receivers. But, for lesser values of k, the rate of
increase of execution time is much slower with increase in
number of nodes. We choose a value of k=6 for most of our
experiments.

There is an interesting relationship between A and k and
so we need to select an optimal value of A to keep the
problem feasible. We have experimented with different values
of average node degree for each vertex in the graph and
compared the values of k and A to achieve the tightest latency
variation as shown in Fig: 8. By setting A to be in the range
of 100%-300% (0.01-0.06sec) of the latency from the source
to the farthest receiver, we observe from Fig: 8 that as the avg.
node degree increases, the graph becomes more dense and so
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we need a higher value of k to achieve the tightest latency
variation. So we can say that by increasing node degree or
A, k increases since the search space increases. This led us to
select an efficient ksp algorithm as proposed in [4]for a large
network.

We also experimented the performance of ksp algorithm by
varying the link probabilities of the generated random graphs
from [3] with 500 nodes. The results are shown in Fig:9
with different values of k for each random generated graph.
From Fig:9, we observe that the time to calculate 10 shortest
paths with 500 nodes is 109 seconds which seems to be quite
feasible. We have also performed an analytical comparison of
some algorithms from the literature with respect to certain
criteria which portrays the characteristic of each as shown
in Fig: 10. It can be noticed from Fig: 10 that for different
multicast models there are distinct solutions, such as DVBMN-
I is suited for multi-path scenario wheras MSLV addresses
multi-source case and perform better than others.

V. CONCLUSION

We have studied the problem of determining a multicast
subnetwork with multiple sources and multiple receivers that
satisfies certain QoS guarantees such as end-to-end latency
and latency variations. We presented our heuristic solution
in a two-step framework of ksp computation followed by
selection of optimal paths by MSLV algorithm. Simulations
were performed to evaluate our solution and was found to
perform efficiently with different experimental settings. As
a part of our future work, we would like to investigate the
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DVMA[G] Okldih No No No
k, l are some algoritlnn const

DDVCA[S] O(du?) No No No
DPDVB[5] O(lAlmd|5]) Yes No No
DVBMN][1] OGn + nk log(n/u) + d%k) Yes No No
DVBMN-I[2]|OGn + 1k logGn/u) + dik log(d)) Yes Yes No
MSLV O(snur+suk logGn/u)+dks log(ds) Yes No Yes

Fig. 10: Analytical Comparison of the different algorithms

algorithm with link capacities as time varying functions. We
would also like to estimate the performance of the algorithm
in real-world environments with peer and network dynamics
as well as to explore decentralized solutions.
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