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Abstract—This letter presents: 1) a delay analysis model, which delay from the source to any destination is within a bound. How-
is specially for the admission control of real-time multicast con- ever, most of the proposed algorithms suffer from the draw-
nections in ATM networks; 2) a distributed multicast routing algo- 505 such as using centralized control [8] or heavy commu-
rithm, which generates suboptimal routing trees under real-time . . . ;
constraints; and 3) a connection setup method that integrates mul- nl_catlon overhez_;\d (11, 9] They are n(_)t_ swtable_to be |ntegr§1ted
ticast routing with admission control. with the admission control, which verifies real-time constraints
against the dynamic traffic load of the network. Third, it is dif-
ficult to perform the on-line admission control. Existing mech-
anisms separate routing and admission control as two phases of
operations [5]. It first generates a routing tree without consid-

. INTRODUCTION ering issues of admission control. Then it performs admission

ULTICAST is a means of group communication that€sts along the generated tree. Consequently, if the generated
simultaneously transmits messages from a source t¢oyting tree fails the admission tests, another routing tree needs
group of destinations. In real-time multicast, messages shotfidoe computed (which may fail again).
be received by all destinations within a specified delay bound.Our letter is motivated by the goal of solving these difficulties
There are many network applications relying on real-time mudn an efficient and practical way. The main contributions of this
ticast services, such as interactive voice or video conferenci§er are:
systems, real-time control and monitoring systems, and so on. 1) design of a traffic-delay analysis model for the admission
ATM is a connection-oriented transport technology. Before control of real-time multicast connections in ATM net-
any data transmission occurs, a (logical) connection from the  works;
source to destination(s) needs to be set up. There are three stef® design of a distributed and delay bounded multicast
of setting up a connection. The first step is routing, which isthe  routing algorithm, which generates suboptimal routing
selection of a route from the source to destination(s). Multicast  trees under real-time constraints;
routing [4] is to find a tree rooted from the source and containing 3) development of an integrated connection setup method,
all the destinations. The second step is admission control, which ~ which integrates multicast routing with admission con-
is to verify real-time constraints along the selected route. The trol. It significantly reduces time and messages required
final step is confirmation of the new connection. for a connection setup.
There are several difficulties with the setup of real-time mul-
ticast connections. First, it needs to develop a traffic-delay anal-
ysis model for the admission control of multicast connections. 1. OPTIMAL MULTICAST ROUTING
For unicast, many delay analysis models have been proposed in )
the literature, such as [2], [3], and [10]. However, litlle work has The network is modeled by a connected gra@tV, E),
been done for admission control of real-time multicast. Secorfdnere the nodes in the graph represent ATM switches and
it is difficult to design a distributed routing algorithm whichth€ €dges represent communication links. Each édget is
can be integrated with the real-time admission control. Ma@gSociated with a weight, that represents the distancel of;
delay-bounded multicast routing algorithms (see [12] for a r&&n be the number of hops in WANS. Fig. 1 is an example of a
cent survey) have been proposed to find multicast routing trdd&Wwork graph.
which minimize the network cost under the constraint that the Given a source node € V" and a set of destination nodes
D C V(s € D), arouting tree of a multicast connection is
a subtree of the grap&(V, F) rooted froms, which contains
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Let M’ be the new connection to be established. The initial
traffic rate ofM’ is assumed to be+ pt, which can be achieved
by a leaky bucket traffic regulator. The end-to-end deadline of
M’ is A’. The admission conditions fde/’ are:

a) M’ shall not affect the existing connections to meet their
end-to-end deadlines;
b) A’ must be met.

The above two conditions are tested at each node along the
routing tree of M’. Now, consider the admission tests at
node h. Suppose the output link al4’ at nodeh is [. Let
{My,Ms,..., M} be the set of connections at nodeon
output link I, and let R®(¢) denote the upper bound of the
entering traffic rate of\/; at noden, 1 < ¢ < m.

. ) . . Definition 1: Maximal Permissible Cell Delay, denoted by
the network resource consumpthn of a multicastis proportlon&l;ngx, is the maximal delay that a cell 8f; is allowed at node
to the total distances of all links in the tree. We define the nej-

, T while its end-to-end deadline can still be met.
work cost of a routing tred” as the following: Definition 2: Worst Case Cell Delay, denoted by, is the

worst case delay that a cell may experience at riode output
link 1.
As discussed earlier, the delays of a cell at an ATM switch are
By using a tree with less network cost to multicast message$fwo major components: constant delays which include delays
less network resource will be consumed. An important goal of switching, transmission and propagation of the cell, and the
multicast routing is to minimize the network cost of routing/ariable delay which is the queuing delay of the cell. &gp=*
trees. Finding a tree with the minimal network cost is regardée the total constant delays at noden link /, and 6};}? the

Fig. 1. A simple example of a network graph.

Network Cos(T) = > _wy. 1)

cr

as the Steiner tree problem, which is NP-complete [6]. worst case queuing delay, ; can be expressed as
In connectionless networks, such as the Internet, a routing ot
tree is used only once for a multicast. The gain of minimizing bnp = 57" + 614 (2

network cost compared with the overhead of finding and main-

taining an optimal routing tree is not very crucial. ATM netfi.>" ¢an be obtained if the switch hardware and the link dis-

. h . . . H buf ; H H +
works are connection-oriented. A multicast connection is s@&nce are givens;";' is a variable depending on the traffic load

up once and will be used for a while. In this case, using ofh link ..

timal routing trees can substantially reduce network resourceNow, we analyzed;. Assume that cells are transmitted
consumption. by switches in FCFS fashion. This assumption simplifies the

analysis. However, the general methodology of the integrated
. DELAY ANALYSIS MODEL FORADMISSION CONTROL o  fouting and admission control can be easily extended to other
MULTICAST CONNECTIONS scheduling algorithms (e.g., the static priority method [13]).

) ) ) ) Due to the space limitation, we will not discuss these extensions
Real-time multicast connections have a requirement that theihis |etter.

delay for a message to travel from the source to any destinaye define the following additional notations before further

tion shall not exceed a prespecified bound. In ATM networkgiscyssion;, , (): the maximum number of cells that may ar-
messages are packetized into fixed-size cells. Thus, the delg¥ 4t nodeh on link I during an interval of lengti

bound on messages can be achieved by guaranteeing the bound

on cells. The end-to-end cell delay from a source to a destination i=m _
is the summation of delays over the links and switches along the Wra(t) = Z R™(t) + R"™(t) (3)
path from the source to the destination. The delays of a cell at a i=1

node COhSIS_t of the foIIon|ng. ) ) whereR'i"(¢) is the entering traffic rate of the new connection
+ Switching delaythe time needed to switch an input cell toy ;s

an output link buffer. P, ;: the cell transmission capacity of noll®n link /, which

* Queuing delaythe time waiting for transmission at theis a constant for a given linky;, :(¢): the length of the queue at

transmitter of an output link. _ output link of nodet at timet:
« Transmission delayhe time needed to transmit the cell to

the Outpu.t link. . . Qn.i(t) = max{0, Uy, ,(t) — Py it} 4)
» Propagation delaythe time needed for a signal to reach
the next switch of the link. If the system is stabley,, ;(t) must become zero from time to

The switching delay, transmission delay and propagation deld@iye, as shown in Fig. 2. That is, any cell in the queue will be
are constants for an ATM switch and a link. They take mudhansmitted in finite time.

less time than the queuing delay when the traffic is busy. TheDefinition 3: Dormant Pointis a time point on which the
gueuing delay is a variable, which depends on the traffic loadjueue length becomes zero.
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denoted byA}™**, can be obtained by distributing the unused
Q part of the delay evenly to the nodes along p&ts, d)
1
AR = gy 4+ | A — S| (9)
v /\ i 1P(s,d)| h,lg’;s,d)
R :
where|P(s, d)| is the number of nodes on paff(s, d).
Fig. 2. Changes of the queue length at a switch. At nodeh, the admission ai/’ will change the exiting traffic
rates of the connections on output lihkkLet RS"*(¢) denote
Let £t be theith (¢ > 0) dormant point the exiting traffic rate ofd/; at nodeh on link 7,1 < ¢ < m.
According to [3, Theorem 2.1RSY(¢) is
Qn (87) = Wiy (™) = Prati™ = 0. ®)

Rf)ut (t) = R:n(t + 6h71)' (10)
We assume time is normalized in terms of a cell transmission , . R
time, which is a constant for an ATM switch. Therefotgt Similarly, R, (t), the exiting rate of\l” is K (¢ + 61.1). The

out
can be easily computed by incrementing the valuguwoftil (5) exiting traffic rates from nodé on link [ will be the arrival rates

holds. to the node at the other end of libkThe information about the

Since switches transmit cells in FCFS fashion, the worst cadénged traffic rates of the connections will be sent to the next
queuing time of a ceb! is the largest value of the maximaln‘_)de via a control channel (or an out-of-band channel), which
queue lengths between any two consecutive dormant points (48&Pe used for computing the delay at the next node.

Fig. 2). That is
IV. INTEGRATED CONNECTION SETUP METHOD

spuf — lnaX{ max (Qh,z(t))}- (6) The principal goal of real-time multicast connection setup is
’ 120 (et <estin to minimize the network cost defined in (1) under the admission
conditions defined in (7) and (8).
6}’;? can be reached during such an interval that all connec-A Steiner tree achieves the optimal network cost, but may
tions have cells arrival at their peak rates at the start of the ave a long delay to some of the destinations. On the other hand,
terval. Without losing generality, we assudj@]’ is reached in an SPT (shortest path tree), which contains the shortest path
(tgm, ¢ft) and¢§™ = 0. Sincet is in the unit of one cell from the source to each destination, has the minimal delay, but
transmission timé};j;f can be obtained by trying all values ofmay have a high network cost. Fig. 3(a) and (b) showssih&
tin bet\Neen(O,t‘l“m) in (4) with all connections having their and the Steiner tree, respectively, 0r= (b, g, 4) in the net-
cells arriving at the peak rate from= 0 (the traffic envelope work graph of Fig. 1. In real-time communications, there is no
o+ pt has the largest burst rate whes: 0). Onceé‘;;j}f iscom- need to minimize the delay ass®®Tdoes. Instead, it is required
puted,é; ; can be obtained by (2). to minimize the network cost under the admission conditions.
Since connections are not prioritized (cells are transmittedOur routing method is a combination of &P Tand a Steiner
in FCFS order), all the connections at ndden link [ have tree. Since finding a Steiner tree is NP-complete, we uséin
the same worst case cell delayg., 5, ;. The admission con- (minimum spanning tree) as an approximation of the Steiner
dition that M’ does not affect the existing connections can keee. Routing and admission conditions are performed along two
expressed as routing trees in parallel: th8PTand theMST. That is, from the
source to any destination, the admission conditions are verified
Viibny AN, 1<i<m. (7) along both the&SPTand theMST. When the admission tests fail
attheMSTon the way to a destination, the shortest path from the
Next, consider the admission condition of meeting thgource to this destination will be included into the final routing
end-to-end deadline ai/’. Let T' be the routing tree for the tree. This avoids the problem of discarding the erti®Tand
multicast connection, ani(s, d) be the set of nodes and linksreconstructing the routing tree when admission tests failed at a
on the path from the sourceto destinationd along7. The node.
admission condition of meeting’, the end-to-end deadline of To compute the cell delays at a node, each node has to record

M',is the real-time connections which go through this node and their
arrival traffic rates. When verifying the end-to-end delay at a
Vde D: Z Spa < A (8) node, say, defined in (8), we need to compute the so-far accu-

i€ P(s,d) mulated delay from sourceto this node, denoted hy?°°. The

condition defined by (8) is revised to the following:
When the worst case end-to-end delay guaranteed by the

system, i.€.32), icp(s.a) On: IS less than the user specified face Z Sy < A (11)
end-to-end delayl’, the delay requirement at each node can wle P(s,0)

be relaxed so that more connections can be admitted to the

system. The maximal permissible cell delay/df at nodeh, whereP(s,v) is a path froms to v along the routing tree.
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Fig. 3. SPTand the Steiner Tree fdp in Fig. 1. (2)SPT. (b) Steiner Tree.

GV (b)
Fig. 4. (a)MSTpath versuSPTpath. (b) The final tredd = {b, g, h}.

The admission control along tHePTis performed on the isincluded into the tree. After that, destinatigis linked to the
shortest path to each destination independently. At each ndie by aMSTpath{fg). Fig. 4(b) is the final routing tree.
on theSPT, the admission conditions defined in (7) and (11) are
tested. If the admission tests are passed at this node, the changed
output traffic rates of the affected connections will be computed
by using (10) and sent to the next node along the path. If theThe purpose of the simulations is to demonstrate the quality
admission tests fail at any nodefaal message is sent toand of the routing trees (in terms of the network cost) generated by
the connection setup stops. The connection setup fails. our method.

The admission control along tHdST is sequential. (The  The network graphs used in the simulations are constructed
details of thisMST-heuristic can be found in [7]). The initial by using the approach given in [11]. The nodes are distributed
routing tree contains only node Each time, a destination randomly over a rectangular coordinate grid. Each node is
which is the closest to the tree is selected and the admissplaced at a location with integer coordinates. A link between
tests are performed along the shortest path from the tree to tiwe nodes: andw is added by using the probability function
selected destination. If the admission tests fail at a node, th$(x,v)) = Aexp(—d(u,v)/pL), where d(u,v) is the
shortest path is discarded and the shortest path frdmmthe distance between andv, L is the maximum distance between
selected destination is included into the routing tree; otherwiaay two nodes, and < A < 1,0 < p < 1. Larger values of
this shortest path from the tree to the destination is includegkult in graphs with higher link densities, while small values
into the tree. This operation repeats until all the destination$ p increase the density of short links relative to longer ones.
are included in the tree. The connection setup succeeds. Nddegur simulations, botlp and A are set to 0.7 to make the
s, will then confirm the establishment of the connection bgraphs looking sparse after many tests. Graphs are generated
sending aonfirm message through the generated routing treand tested until a connected graph is fousng.the distance of
During the confirmation at each node, the maximal permissibiek [ = (u, 1) in the graph, is made as the distance of nades
delay of the new connection at the node is computed by usiagd» on the rectangular coordinate grid.
formula (9). Three algorithms are simulated and compar@gT, MST,

Fig. 4(a) is an example of constructing a routing treeffo=  and our methodMSTs are computed by using our algorithm
{b, g, h} of the network graph in Fig. 1. At the time when thewith no real-time constraints. The network cost is simulated
tree only contains patlisab), the MST path from the tree to against two parametersx and|D|. The network size is fixed
destination: is (akh) [see Fig. 3(b)]. Assuméukh) fails the at 200 nodes and the topology does not change throughout the
admission tests at node TheSPTpath toh, which is{scfh), simulations.

V. SIMULATIONS AND PERFORMANCEDISCUSSIONS
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much faster than the others. This is becaBBddoes not con-
sider any path sharing. The performance of our method is close
to that of theMSTs. The curves of our method and M&Ts rise
slower as the increase of group size (the rise is not linear). This
is because destinations in a bigger group have a higher proba-

Network cost

Fig. 5. Network cost versua.
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Fig. 6. Network cost versus group size.

Fig. 5 shows the network cost versus real-time deadline
The group size is set to 10. During the simulations, traffic load
of the network is not considered. We simply take the distance
of a link as its delay. We define the minimum meaningful delay [2]
boundAuin = ({Licsp(..qywilvd € D}). SP(s,d)is the
shortest path frons to d. The A value starts fromA,,i,, in- (3]
cremented byA,.;,/8 each time. The increment ak,,;,,/8 4
is selected to capture any meaningful changes of network cost
against the change d. In Fig. 5, the curves c6PTandMST 5]
remain constant, because both of them are not restrictel. by
The curve of our method is in between the curves of Sk [6]
and of theMST. Its high end is close to th8PT curve and the 0
low end merges with th#1STs curve. With a smalleA, more
MST paths fail and are replaced by tB®Tpaths. This makes
the routing tree wider (bush-like), thus a higher network cost. As|€l
A increases, more destinations are linked into the tre&g8a
paths, which results in the decrease of the network cost. Wherg]
A is large enough that it does not restrict routing any more, the
final routing tree becomes aiST. [10

Fig. 6 shows the network cost versus group size. The value
of Ais set toA ,in + 3A i /8. Group size is always made less
than 30% of the total nodes, because multicast applications ruanl—l]
ning in a wide area network usually involve only a small numbei12]
of nodes in the network. As group size increases, a routing tree
contains more destinations, resulting in an increase of the nefs)
work cost. TheSPTs curve is above the other two and rises

(1]

bility of path sharing.

The simulation results show that the routing trees generated
by our method have much less network cost ti&s. They
also suggest tha&8PTs is not appropriate to be used as routing
trees where the multicast traffic is heavy and the network band-
width is a major concern.

VI. CONCLUSION

We have presented a traffic-delay analysis model for ATM
networks and an integrated admission control method for mul-
ticast connections. There are three advantages of our admission
control method. First, itis fully distributed. Second, itintegrates
routing together with admission control as a single phase of op-
erations, which significantly reduces the time and message cost
for a connection setup. Third, it sets up connections on both
SPTrouting andMSTin parallel, which avoids the unnecessary
restart of routing if theViISTrouting fails admission tests.
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