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Destination-Driven Routing for Low-Cost Multicast

Anees ShaikhStudent Member, IEEEand Kang ShinFellow, IEEE

Abstract—We present a destination-driven algorithm that op- multicast trees minimize data replication; messages need only
timizes for applications, such as group video or teleconferencing, be replicated at forking nodes. This differs from multicast
that require multicast trees with low total cost. The destination- achieved through multiple unicasts where every unicast re-

driven algorithm uses a greedy strategy based on shortest-path . f th Usi ltiol icast
trees and minimal spanning trees but biases routethrough des- quires a copy of the message. Using mulliple unicasts may

tinations. The performance of the algorithm is analyzed through resultin many copies of the same message traversing the same
extensive simulation and compared with several Steiner tree network links.
heuristics and the popular shortest-path tree (SPT) method. The  Generally, multicast trees fall into two categories, namely
algorithm is found to produce. trees Wlt.h‘ significantly lower shortest-path trees (SPT’s) and group shared trees [4]. SPT’s
overall cost than the SPT while maintaining reasonable per- f inal lticast ist of distinct t
destination performance. Its performance also compares well or a singie muiticas mf"‘y consist of many distinct trees, one
with other known Steiner heuristics. Moreover, the algorithm for each source. That is, the shortest path to each member
does not suffer from high complexity common to most Steiner of the multicast is different depending on who is originating
tree heuristics and builds a route by querying only incident links  messages. Hence, SPT’s are often referred to as source-specific
for cost information. SPT’s. This type of tree is currently used in the distance-vector
Index Terms—Communication system routing, computer net- multicast routing protocol (DVMRP) for Internet multicast
works, trees (graphs). traffic on the virtual multicast backbone (MBone) network
[5]-[7]- Another example of multicast SPT’s is the multicast
I. INTRODUCTION extensions for open shortest path first OSPF (MOSPF) which
uses distributed link state and Dijkstra’s algorithm [8] to

T HE recent emergence of multimedia and collaborativg, . ate shortest paths [9]. The primary advantage of SPT's

multicast (one-to-many or many-to-many) communication. lfi,ia rates a need for timely delivery. SPT's drawback is that
this mode, a single source node (or group of source nodgshspr and DVMRP require broadcasting of membership
sends identical messages simultaneously to multiple degficymation and data packets, respectively. As an internetwork
nation nodes in a point-to-point network. Single-destinatio,, s in size, the broadcast behavior of these routing meth-
or unicast, and broadcast messaging to the entire netwiks .an result in poor scalability. On the other hand, some
are both special cases of multicast. Multimedia applications ticast applications may have very dense groups for which
are envisioned to benefit most from multicast communicatiqe proadcast may not represent a substantial penalty [10]. An
capabilities. Some frequently cited examples include videQ .ive definition of a dense multicast group may be one
or teleconferencing, distributed databases, distributed gam@fare the number of internetwork LAN's that have group
mass mailings, and video-on-demand services [1]-[3]. In\Bempers is a high proportion of the total number of LAN'S
video-on-demand application, for instance, a single Serveri o |nternet
provides a one-to-many transmission for customers who jointy, compat the scalability problems, a relatively new shared
the same movie at approximately the same time. A Vvidg.e method, classified as the center-based tree, has been
conference, on _the cher hand, IS I!kely _to _be a many"‘B'roposed. A center-based tree has one (or more) central router
many transmission with multiple parties wishing to transmijoqe with branches that emanate outward to destinations. The
and receive. . , ) o tree is shared per group rather than per (source, group) pair,
A fundamental issue in multicast communication is how,q it formation is initiated by receivers once the central
to determine an efficient message route (multicast routingl,je i known. Examples of center-based trees are the core-
Tree construction is a commonly used approach in soNifgqeq tree (CBT) [11] and the shared-tree mode of the protocol
the multicast routing problem. Popularity of the tree-basgflyenendent multicast (PIMprchitecture [10]. The drawback
?pErqach arises frorrr: the ability to ﬁotgntlglly .share mél“Bf center-based and other shared trees is that the same tree is
inks in transmitting the message to the destination set. Al§Qsq for all members of the multicast. This means that multiple
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Traffic concentration may not be an issue, however, for groups < the total costZeETG(D) w(e), is minimized over all
which are sparsely distributed or applications with low data possible trees.
rates. The advantage of center-based trees is that they d¥he vertices included in the final solution that are not

not exhibit the broadcast behavior of SPT's and thus do nglembers ofD are called Steiner nodes. Finding a Steiner tree
tax routers uninterested in the multicast with data or groyg known to be NP-complete in the most general case [17].
information. Steiner tree heuristics, though providing near-optimal re-

The goals addressed by various multicast tree types fall idgits, are sometimes dismissed as too difficult to implement in
two general categories [12], [13]. The first is to minimize th@ractical protocols or too computationally intensive [4], [7]. In
delay toeachdestination, which is effectively what the SPTiact, most of the proposed heuristics for the Steiner tree require
achieves. Another optimization goal is to minimize the overagflobal network information and can be quite complex relative
cost of the multicast tre®. to SPT schemes [15], [18], [19]. Fortunately, there are several

Low delay trees (SPT's) are important in providing googersions of Steiner tree heuristics that may be executed in
service to destinations which represent individual customegsdistributed fashion or using information only from nearby
who have paid for some multicast service. Optimizing for coglodes [12], [20], [21], though these are not without their
of the entire multicast, however, requires a more global vieymitations [22].

A company using a multicast video conferencing service, for |n this paper we present a Steiner heuristic that is compa-
example, may wish instead to minimize the overall cost of th@ble in complexity to SPT’s and suitable for similar dense-

transmission rather than the delay (or cost) to each individuabde multicast groups. It uses a greedy strategy combining
site. Moreover, from a network management point of view bjjkstra’s shortest path and Prim’s minimal spanning tree [23]

may be more important to keep the total cost of a multicagfgorithms. It reduces tree cost by biasing toward paths that
session as low as possible rather than minimizing cost g@assthrough destination nodes. We show through simulation

each individual destination. These two conflicting goals haygat the heuristic offers competitive performance with some
been studied together in other graph theoretic and networkiggher known Steiner tree heuristics but at a much lower
research [12], [14]. computational cost.

The tree cost itself may be a measure of a number of\we explore the ability of the algorithm to minimize an
possible parameters. Our approach avoids explicitly tying casferall tree metric (cost) as opposed to a destination-specific
to a particular network parameter. Cost may be inversefyetric (as done in SPT’s). We find that it demonstrates signif-
proportional to link capacity or proportional to distance. Linkcant improvement over the popular SPT’s in terms of overall
cost may also reflect the actual or anticipated congestion @st while at the same time providing reasonable relative
error rate. It could also measure buffer space or chanpgirformance in average per-destination cost and maximum
bandwidth requirements. Still other networks may use &st to each destination (for which SPT is optimized).
estimate of packet transmission delay as the link cost [3] or|n the next section we present an expanded description of
assume that cost reflects both delay and installation cost, fRé algorithm. Sections Ill and IV present simulation results
example [14]. Recent work has split cost and delay, in soré@mparing our algorithm with other Steiner heuristics and
cases trying to provide low cost while meeting some delapPT’s, respectively. In Section V, we summarize our results

constraint to each destination [13], [15]. In these cases, coshigd briefly describe the future directions of this research.
most often associated with bandwidth consumption although

the relationship between delay and cost is rarely explained I

in the context of simulation-based studies. The focus of the _ _ ) _ _
comparisons here is more general. Our multicast routing algorithm arises from the observation

Trees that try to reduce overall cost generally achieve th&jfat Prim’s spanning tree algorithm to optimally broadcast to
objective through sharing of links and minimal forking. SPT's2ll nodes in a graph and Dijkstra’s shortest path algorithm
on the other hand, pay no heed to the amount of forking; thé@" unicast both use essentially the same greedy strategy. We
primary goal is to find the least costly path to each individu&nodify these to distinguish between destination and nondesti-
destination, even if every path is disjoint. nfanon nodes [24]. This d_lstmgwshlng information is used to

Cost of the tree is generally represented as the sum over @i\ “preference” to destination nodes.
costs of each link in the multicast tree. The problem of finding
the least total cost multicast tree is the Steiner tree problemAn Algorithm Overview

networks, and is formulated as follows [16]. The shortest path algorithm chooses routes by measuring
GIVEN: An undirected networkG = (V, E, w) and a cost to each destination in terms of individual accumulated
nonempty set of destination®, whereV and E are the cost. That is, SPT chooses links from the source to each
set of vertices and edges of the network, respectively, amdlividual destination so that they add the smallest amount
w is a cost function associated with each edgé&rin to the current accumulated cost for the destination. In our

FIND: A subnetworkZ(S) of G such that: approach, however, we reset cost to zero at destination nodes

« there is a path between every pair of node®iic V; SO that they appear as new “sources.” This causes the cost to a

node to appear small when measured from a destination. The

2The introduction of CBT’s suggests a third possible optimization godi,eason for this is that any nodes reached from a destination
namely to reduce broadcast behavior and router state memory requiremefit®de incur only an incremental additional cost since we must

. DESTINATION-DRIVEN MULTICAST ROUTING
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The indicator function is used in line 11 so that the incre-

?Dfﬁffa(ff’vi’,ﬁl v €V do mental distance is zeroedifis a destination. That is, from a
2 d[v] = o0 destination, the only cost incurred is the additional link cost,
2 6] :[g] = NIL not the cost accumulated along the path from the source. This
5 S=¢ causes each destination node to behave like a new “source.” As
6 Q=V future work, it seems reasonable to use the indicator function
7 while @ # 0 do as a tunable bias, depending on the goals of a particular
g gzzp"sp&hf;’i@) multicast application. Currently, the indicator zeros the cost
10 for each vertex v € Adj[u] estimate for a destination node; it may be useful to provide
E if d[«;]f> éps(u)d[UHw(u,v) finer control over revisions to destination cost estimates to
v _ change the characteristics of the tree.
ﬁ i[[z] - {‘D(U)d[u] ol v) The condition in line 12, and the fact that we consider each
node only once, ensure that cycles in the tree are avoided by

preventing resetting of parent pointers for nodes whose routes
Fig. 1. DDMC routing algorithm. have already been determined. In keeping with its goal of
simplicity, DDMC executes only one pass through the network

absorb the cost for reaching the destination anyway. In ttging the greedy strategy, rather than iteratively trying to
way, paths are biased toward those that run through destinatifluce the cost of the tree as in some other approaches [13].
nodes. As a result we refer to the algorithm destination- Noté that we construct a spanning tree rooteds dor the
driven multicast(DDMC). graphG. A multicast routing tree frons to D is obtained by

For our purposes, the communication network is modelddmming this tree so that all leaves are destination nodes.
as usual, using an undirected gragh= (V, E) whereV is a The correctnessof the algorithm follows almost directly
set of host or router nodes adilis the set of communication ffom Prim's algorithm. The primary difference is the dis-
links. We assume that the castu, v) is nonnegative for each tinction given to destination nodes which causes the distance

link (v, v) € E. Given a source € V and a set of destinations €Stimate of a nodey, to reflect whether or not its parent is
D C V such thats ¢ D, a multicast route is a rooted subtred destination (line 11). Thus the order in which edges are
of the graphG whose root iss, which contains all nodes from added to the tree will be different than in Prim’s algorithm.
D, and whose leaves consist of nodes frBimNote thats need 1he asymptotic running time of the algorithm @¥(c log v),

not be the only sender; since this algorithm produces a shat¥@erec = |E| andv = |V|. This assumes that the priority
multicast tree, any member afU D will transmit using this dueueq is implemented as a binary heap and that the test
same tree. Consequently, the tree has the same benefits f@hdnembership in5 (line 12) can be made in constant time.
drawbacks common to shared trees as discussed in SectiorQMe improvement is possible if Fibonacci heaps are used for

To distinguish nodes as being in the destination set, Wée Priority queue [25].
define an indicator function/, as follows. Fig. 2 shows an example of the type of tree constructed by

Defiion: Given  seLD C ., the indicator uncion e POMC 40T ong wib e sobon famea iy SPT.
;ﬁdvl ?u{(;’ g.Of D'is defined adp(u) =0 1f u € D, double circles. Note that the DDMC paths all pass through
destination node 2 en route to the other destinations. The SPT

_ ) route, however, finds a shorter path by forking from the source.

B. Algorithm Operation As a result the overall tree cost of the DDMC route is lower
The algorithm executes in a manner very similar to Primalthough the average per-destination cost and the maximum

minimum spanning tree algorithm [23]. We follow the basicost are identical in this case.

framework for tree construction shown in [25] and proceed in

three basic steps as shown below. A more detailed description extensions for Distributed DDMC

of the algorithm may be found in [24]. Pseudocode for DDMC

is given in Fig. 1.

1) Initialization involves setting parent pointers indeterm
nate and cost estimates for each node to infinity, exc
the source which receives cost estimate zero. In additi
we create a priority queuéy, and fill it with all of the
nodes. The queue is keyed on cost estimates where
lowest cost has the highest priority.

2) Next we repeatedlyselectthe highest priority vertex

Efficient construction of a multicast tree requires a dis-

tributed version of the DDMC algorithm. Related work in

Histributed minimum spanning trees and distributed multicast
th setup may be used to address this issue. The classic
anning tree algorithm of Gallaget al. [26], for exam-

@I}e‘?, proceeds as fragments of the spanning tree (initially
infgle nodes) join together asynchronously via their least

cost outgoing links to form larger fragments. Nodes within

each fragment determine their local minimum outgoing edge

from @, add_|t to the _tree, and . independently and report the result to a fragment leader who
3) relax all of its outgoing edges. Relaxation uses thﬁﬂtiates combination with another fragment.
incident link cost, the current cost estimate of the

ne'ghbormg node and the !ndlcator function, to reset the3By correctness, we mean that the algorithm terminates with a tree
cost and parent pointers, if necessary. connecting all nodes it U s.
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Tree cost=16 Tree cost=20
Avg. cost/dest=7.5 Avg. cost/dest=7.5
Max cost=10 Max cost=10

Fig. 2. Example multicast trees constructed by DDMC and SPT. Edge weights represent link costs. Links used in the final multicast tree are shawa in boldf

More recently, Bauer and Varma described a similar procghortest-path heuristic (SPH) [28], average distance heuristic
dure for distributed versions of two well-known Steiner treADH) [29], and distance network heuristic (DNH]18]. In
heuristics [21]. The distributed version of the shortest patur study we consider only ADH and SPH, however, since
Steiner heuristic (SPH) proceeds very similarly to the wayevious studies have shown that they generally outperform
DDMC would proceed. A single source fragment expand3NH (although their dominance is not strict) [16], [29]. We
into the multicast tree except that in the case of DDMC, treso include, for more practical reasons, comparison with
fragment is grown by adding a single node over the leatste simple pruned minimum spanning tree heuristic (MST)
cost link (similar to Gallager's) but biased by destinatiof28]. MST executes a minimum spanning tree algorithm (e.g.,
nodes. The destination information may be multicast to th&im [23]) and then prunes nondestination nodes with degree
new fragment nodes similar to the discovery phase descrilded resulting in complexityO(e log v)° [16]. While MST
in [21] in which the fragment nodes update their notions gferforms relatively poorly on average, it has the advantage
cheapest outgoing links. Unlike distributed SPH, however,cd having low computational complexity and requires cost
distributed version of DDMC would not have to decide whahformation only from neighboring nodes as it proceeds.
the closest fragment is based on shortest paths to all otBEDMC shares these same advantages.
destinations. The “greedy” nature of the algorithm results in The general operation of ADH proceeds by joining together
a need to query only incident links to pick the way in whicltwo subtrees at a time through a central node via shortest paths.

the fragment should be expanded. Finding a central node amounts to finding a node with the
minimum average distance to the set of current subtrees. The
[Il. DDMC AS A STEINER TREE HEURISTIC algorithm begins with D| 4+ 1 subtrees consisting of a single

Though we are interested in the ability of DDMC to meeQestination each (plus the source) and ends with a solution

the conflicting goals of lowering overall cost while considerinﬁgrs'lst?g offahS|n?Iet tref[ar.] Ct?r?putatlolrll IS gom'”?;ed b)t/wthek
per-destination costs, it is also important to consider its perf culation ot shortest paths between afl nodes in the networ

AlCL ) - | i
mance as a Steiner tree heuristic. Recall that heuristics for(iﬁ dr:ngsﬁgl—:ti wo_rst'F cgse_tlme_;]ompleﬁy(v )- de in th |
Steiner tree have the primary goal of minimizing overall tree ted i (ta_urls ICt (f;gms Wi Iantsr ltrary no e(;n € n:u(il
cost only. In this section we present a simulation-based stu%?s estination set, for examplé the source, and repeatedly

comparing DDMC's performance to three other heuristics thgm?sr thfe Iremaltn]:irrlgt mNT mtt)erfstrt]o themtre(ta- ;/ilanstihn(zrteizt SpF?It—T? n
vary in performance and computational complexity. order ot closestirst. Most of the computatio N S

spent calculating shortest paths from each multicast member
to all other nodes. Thus its time complexity @3(|D|v?).
Note that SPT is not equivalent to the SPH heuristic. SPT
Given the absence of a polynomial time algorithm fois an algorithm for finding a tree of lowest cost paths to
the general Steiner minimum tree problem, investigation @ff individual destinations in the network. SPH, on the other
efficient, quality heuristics remains an active research area. Hihd, uses shortest paths to approximate a Steiner minimal

problem has been addressed both in a multicast communicatide connecting a subset of nodes in the network with low
context [12], [27], and as a purely graph theoretic problefata| tree cost.

[16], [19]. Most of the well-known heuristics fall into the . , _ ,
class known as path-distance heuristics since they approachdtggl'ggeg"ﬂe” referred to as the KMB algorithm after (one set of) its

problem by iteratively.enlarging partial solutions using shortests s assumes that Fibonacci heaps, as mentioned in Section II-B, are not
paths. The three primary path-distance approaches are ube!.

A. Heuristics for the Steiner Tree
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TABLE |
CoMPUTATIONAL COMPLEXITY FOR STEINER HEURISTICS

[ ADH | SPH [ DDMC ] MST | Network Topology 4 RANDOM ~, FILE
0(03) O(|D]’U2) O(elog 1}) 0(6 log 11) ) 4 RANDOM ~, FILE «, PREDEFINED
| l l I | el Min. Size: [6 | Max. size: [54 |

Link Dislance 4 UNIT «, RANDOM

Both ADH and SPH require shortest path calculations Node Degree Threshold (0.0-1.0): 06
through the entire network, which in turn requires global link 0k (et rango Min. Cost: 1| Max. Cost: f1o_ |
cost information. Time complexity for each of the algorithms Destination Set Size ;"":::n'f“[:s‘;n;::s_v -“"E“
considered is summarized in Table I. Recall that in general prmmrrmm——

|D| < v ande < v2. ST Algorithms _I MST _{ DDMC _f ADH _j SPH _j SPT

The use of limited link cost information does not come | Avallable Metrics and Data
without a price, however. Due to its low complexity and use |- R
of limited knowledge MST, for example, has the drawback _{ Humber of links in tree
that its theoretical worst-case performance is upte |D| i Total tree cost
times worse than the optimal solution. In contrast, ADH and j:j:ﬂ‘gg:::::‘;‘;:;::;m
SPH produce trees within a factor of two times optimal in the Simulator Run Options
worst case [16]. Moreover, it was shown in [22] that greedy Seed Number (0-999): [0
heuristics, such as MST and DDMC which use only local Num. of Simulations:
information, can be no better thain/3 times worse than Gl Ges; Fles iy, TS SN0
optimal in the worst case. We do not present a derivation of S T
the worst-case error ratio of DDMC here but we suspect that
it is similar to (although likely better than) MST. Although
we are studying this problem in a networking context, we are
more interested in DDMC's performance in practice, where
the worst-case rarely occurs. We show below that it compar%%
well on average with the other heuristics.

3. STsim user interface for generating routing experiments.

80 T T T T T T T

B. Simulation Setup o

The studies were done using a modular, extensible sim-
ulator, STsimprogrammed in C and run on Sun Sparc 20 ®T
workstations.STsin's interface, developed using Tcl and the
Tk toolkit, is shown in Fig. 3. It allows rapid generation of
an experiment set with a variety of network parameters, dat%
collection options, and multicast routing algorithms.

We ran a set of 1000 randomly generated expenment
instances for each data point and report the average over all
runs. A predetermined set of random seeds assured that all,,
algorithms received identical networks, destination sets, and
multicast group sizes as input. Networks are generated in the
usual way, by considering all pairs of nodes and randomly
deciding whether a link exists between them. A parameter o! x = = = = =
was also introduced to control the average node degree when Destination set size
generating networks (where unspecified we used a def%l&. 4. Total tree cost as group size increases in a 64-node network with a
average node degree of three). Integer costs within a snaihll link cost range.
given range were assigned randomly to each link based on
a uniform distribution. For the experiments discussed hewg.notion for how well the algorithms perform relatively for
destinations were distributed uniformly through the networlyoth sparse and dense multicast groups. We found that in-
The simulations consisted of three basic phases: network afgasing network size exhibits trends similar to those when
destination set generation, algorithm execution, and multicagtreasing destination set size. Fig. 4 summarizes the results

@

tree analysis. for simulations in a fixed size (64-node) network.
. ) In the interest of exploring performance in more heteroge-
C. Simulation Results neous networks, where link costs may vary widely, we also ran

We find that DDMC performs surprisingly well againsisimulations on more variable networks. In Fig. 5, the link costs
other, more complex, Steiner heuristics. We measured tlanged over two orders of magnitude. We show the maximum
ability of each algorithm to minimize the total tree cost asize of the 95% confidence interval for each of the algorithms
destination set size increases and as network size increase3able Il. The interval is narrow and within the same range
Observing performance while changing group size providés each of the algorithms considered.
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Fig. 5. Total tree cost as group size increases in a 64-node network whtig. 6. Coefficient of variation for total tree cost as group size increases in

widely variable link costs. a 64-node network.
TABLE || . o .
CONFIDENCE INTERVAL SIZES FOR MEAN performance is reasonably close to SPT’s in local metrics such
TReE CosT WITH 95% CONFIDENCE LEVEL as average per-destination cost and maximum destination cost.
Tink cost range | ADH | SPH | DDMC [ MST The following graphs show how the performance of DDMC
1-50 233 1 233 | 237 | 238 compares to SPT as the multicast group size changes and as
1-100 472 [ 474 | 477 | 483 average node degree in the network increases. As mentioned

earlier, changing group size gives an indication of how well
As shown in Fig. 4, ADH consistently has the lowest co&!90rithm performance scales as groups grow denser. We also
of the algorithms studied. Not surprisingly, it also is the mo§tudy the effect of increasing node degree to gain some insight
complex of the heuristics. Note, however, that both SPH afffo how the algorithms perform when more routing options

DDMC perform only slightly worse. While DDMC gives &€ available.
Fig. 7 shows the overall tree cost and average cost to each

up a slight performance margin, it is characterized by Vefrii/e dJ- 1 . i ) -
low complexity and does not rely on global shortest pa stination as the group size grows in a fixed size (64-node)

calculations. MST, as expected, fares worse than the otf&Work. The total tree cost is simply the sum of all edge

algorithms. Note that when the multicast group is very den<osts in the multicast tree. Average cost per destination is

however, it performs well since MST computes a minimurﬁalculated as the sum of the costs to each individual destination

broadcast tree spanning all nodes. Trends are similar for g¥ided by the total number of destinations. It is apparent
wide link cost range (1-100) shown in Fig. 5; the differenciom the graph that DDMC's overall tree cost is much less
in performance between DDMC and other algorithms remaiff$an that of SPT. In addition, DDMC's tree cost grows at a
approximately equal to the smaller link costs case. Msﬂgmflcantly lower rate than SPT’s, indicating that tree cost

however, does perform slightly better in the more variabRf@/es much better with DDMC. Also, DDMC grows only
networks. slightly faster than SPT in terms of cost to each destination and

Finally, we investigate the variability of the solutions pro¥hile DDMC does not match SPT performance, the difference

vided by DDMC relative to the other heuristics. Fig. 6 show§ much smaller than with total tree cost.

the relative coefficients of variatiérior the results presented [ Fig. 8, we show the coefficients of variation for total tree
in Fig. 5. Although the variability of the solutions found bycoSt and average cost per destination. As expected, DDMC's
DDMC is higher than ADH or SPH, the difference is not |arge\_/ar|abll|ty is higher than SPT for cost per destination but

In general, the variability displayed by all the algorithms i§maller for total tree cost. When link costs vary over a smaller
quite low. range, the variability is only slightly less for each of the curves.

Another metric of interest is the maximum of all per-
destination costs; that is, the maximum cost suffered by any
V. COMPARISON WITH SHORTEST PATH TREES single destination in the multicast tree. It may be important for

In this section we compare the DDMC algorithm again§®Me environments or applications to know which destination
SPT’s across several performance metrics. The results of &uicurring the highest cost. We show the relative performance

simulation-based study show that DDMC constructs low-co&f PPMC to SPT by plotting the cost ratios for maximum cost
trees that in general use fewer links than SPT's. In additiofd @verage destination cost as group size grows in Fig. 9. As
expected, the relative maximum destination cost of DDMC is

6Coefficient of variation is defined as the ratio of standard deviation to tlm_gher than SPTTS' The relative average de§t|nat!0n costis also
mean. higher, as mentioned above, but the relative difference does



SHAIKH AND SHIN: DESTINATION-DRIVEN ROUTING FOR LOW-COST MULTICAST 379

500 T T T T T T T 4.0 T T T T T T T
»— - DDMC =— —a Max cost
450 { w—WSPT g s——a Avg. cost/destination
(Network size = 64)
35 4
400 - B
Total tree cost -
350 b be
30 7 B
300 - -« |
- ._5
B 3
8 250 R O 25} q
200 - 1 cg‘\;g
20 -
150 B
100 B
15 B
50 | Avg. cost/destination B
.___.——.——'——.——-———‘—.——77.»777~I———4.
0 1 1 1 1 1 1 i 1.0 1 1 1 1 1 1 1
) 8 16 24 32 40 48 56 0 8 16 24 32 40 48 56
Destination set size Destination Set Size

Fig. 7. Total tree cost and average cost per destination as group size increkégs9. Ratio of maximum cost and average cost per destination for DDMC
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Fig. 8. Coefficient of variation for total tree cost and average cost pfig. 10. Total tree cost and average cost per destination as average node
destination as group size increases. degree increases in a 64-node network.

not grow as quickly as with maximum cost. This is becaugks the number of alternatives grows, it becomes easier for
DDMC is geared toward combining paths through destinatiobsth algorithms to find cheaper routes and the cost decreases.
to maintain an overall low cost. This may occasionally requirggain, DDMC's total tree cost is significantly lower than
some tree paths to follow a somewhat more circuitous route$®T’s. This is due to the fact that given more link options, SPT
a destination than the absolute shortest route. If the tolerabli#l fork more frequently as it identifies cheap individual paths.
cost to a destination is greater than the maximum achieved ®%T does outperform DDMC in average cost per destination
DDMC, however, then DDMC will provide a very low-costbut, as with increasing set size, only slightly. Moreover, as
tree that still meets per-destination cost constraints. the node degree increases, the difference between the two
The effect of increasing node degree is shown in Fig. 18lgorithms in terms of average destination cost grows smaller.
The node degree might reflect the complexity and cost ofAs a final comparison, Fig. 11 shows the trend in number
network switches and it is interesting to examine how SR links used to construct the multicast tree as the group
and DDMC perform with a range of node degree constraintize grows. Here, as expected, the DDMC algorithm fares
In these experiments we use a random number of destinatitiester than SPT's because it is less likely to take disjoint
for each of the simulation runs and present the average cpaths to destinations, thus conserving link resources. This has
at each data point. The total tree cost is quite high for bothe effect of decreasing network congestion as well as cost.
algorithms when the node degree is low since there are fee difference is not significant for very large group sizes,
fewer alternative links available for forming the multicast treenowever, because DDMC uses virtually the same paths as
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simulation studies. Also, we have not addressed the issue of
dynamic groups where members may join and leave. It is
possible, however, to use either the naive approach [30] adding
shortest paths to new nodes or the recently proposed ARIES
algorithm [31] which selectively repairs parts of the tree after
. a given number of membership changes. Finally, further work
is necessary to analytically derive the worst-case error ratio of
the solutions provided by DDMC to the optimal solution.
Additional goals include the development of an actual
protocol using DDMC. We gave a sketch of how DDMC
. may be used in a distributed fashion following the approaches
described in [21] and [26] of expanding tree fragments and
having nodes independently calculate their least costly out-
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Fig. 11. Link usage as multicast group size grows.

going links. More work is needed to provide a notion of
message complexity and convergence time for such a scheme.
It may be more beneficial, however, to incorporate DDMC
into a protocol architecture such as PIM as an alternative for
applications which require low overall tree costs.

It is clear from the wide variety of anticipated multicast
L o o ] applications that no single tree type can satisfy requirements
SPT's since the destination density is high. DDMC diverges; a|| of them. DDMC is a practical, low-complexity algorithm

from the shortest-path only where there is an intervening, appjications that require reasonable per-destination cost
destination that receives path “preference.” When the groupjsq jow overall cost.

very dense, most shortest paths will pass through destination
nodes anyway, thus making the difference in link usage small.

V. CONCLUSION
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ticast routing that biases toward routes through destination
nodes. The underlying philosophy is that cost for reaching
a destination must be absorbed. Thus it makes sense to
use paths through destinations since cost is only incrementdl
after reaching a destination node. This DDMC algorithm is
optimized for low overall tree cost to benefit applications such?]
as corporate video conferencing where a primary concern is
to keep costs down over the entire transmission. [3]
Currently, the most widely used multicast tree type is the
shortest-path tree due to its low per-destination cost or dela{f.]
We have shown through simulation that DDMC significantly
outperforms SPT’s in terms of controlling overall tree cost. At®!
the same time, DDMC does not suffer much in per-destination
metrics. For applications in which low tree cost is important]6]
DDMC excels. In addition, since DDMC's greedy strategy is[7
based on minimal spanning tree and shortest path algorithms,
it is not as complex as many Steiner tree heuristics. Despifél
this, simulation studies show that on average its performangs;
is comparable with more complex heuristics. Moreover, the
algorithm requires each node to query only its incident link40!
for cost information, thus avoiding the drawback of requiring
global cost information. [11]
We are planning additional simulations to gauge DDMC'’s
scalability. Since DDMC is geared toward controlling overafh 2]
network resources, it would be interesting to investigate the
effect of multiple trees in a network, for example. Anothe 13]
particular feature is the incorporation of dual metric handling,
for example, cost and delay. Our study treated cost as_a
oo 14]
general parameter; it is not yet clear how cost should e
represented and in what way it may be related to delay in
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