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Abstract
We examine various schemes for dynamically routing virtual circuits (VCs) in a multi-class network. A
VC setup request may be rejected by admission control because resources are either unavailable or being
reserved for future incoming VCs. We examine leastloaded based schemes, which attempt to balance the load
among available routes. In addition, we examine packing based schemes, which attempt to reduce bandwidth
fragmentation possibly at the expense of load balancing. Our simulation results show that under skewed
workload, our packing based scheme outperforms a traditional least-loaded based scheme in terms of revenue
(or equivalently, network utilization). Under uniform
workload, both schemes provide similar revenue.

1 Introduction
We consider a network that uses the Virtual Path
(VP) concept. This concept is often used to simplify
network management and to increase the apparent direct connectedness of the network [1, 4, 9]. Typically,
a VP is installed between two nodes (switches) over
a sequence of physical links, and bandwidth is allocated to it. Thus a virtual fully-connected network
can be overlayed over the physical network, where the
VPs constitute the (virtual) links connecting the network nodes. Simple routing schemes that only consider
paths with one link (called direct routes) and two links
(called alternative routes) are then used. For a fullyconnected network with N nodes, each pair of nodes
has one direct route and N ? 2 two-link alternative
routes. A number of such routing schemes were designed for telephone networks [3] and recently for ATM
networks [10, 4, 6, 5].
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We consider a network that supports S  2 classes
of connections (or virtual circuits). A virtual circuit
(VC) of class s requires the reservation of a certain
amount of bandwidth bs that is enough to ensure a
given quality-of-service (QOS). This bandwidth can be
thought of either as the peak transmission rate of the
VC or its \e ective bandwidth" [2] varying between
the peak and average transmission rates. Without loss
of generality, we assume the bandwidths requested by
di erent classes are distinct and the classes are indexed
in increasing order of their requested bandwidths, i.e.,
b1 < b2 <    < bS .
To support a class-s VC, the VC has to be setup on
some path from the source to the destination; the QOS
demand (bs ) is allocated on each of the links for the
lifetime of the VC. Since network bandwidth is limited,
some requests for VC setup are denied (blocked) by
the admission control algorithm. The objective of the
routing algorithm is to choose routes that result in high
successful VC setup rate (or equivalently, high carried
VC load) while maximizing the utilization of network
resources (or equivalently, revenue).
Routing schemes are commonly based on the leastloaded with trunk reservation concept [8]. Here each
link has a Trunk Reservation (TR) value associated
with it. A two-link alternative route is said to be
TR-permissible if, for each of its links, there is still
a certain amount of idle bandwidth available beyond
the corresponding trunk reservation level. For example, consider a link (on an alternative route) that has
idle bandwidth of 100 units and TR value of 10 units,
then the idle bandwidth considered available is 100 10 = 90 units. When a new VC arrives, it is setup
on the direct route between the VC's source and destination provided it can support the VC's bandwidth
requirement. Otherwise, the VC is setup on the leastloaded TR-permissible alternative route if there is at
least one that can support the VC. Thus, the scheme
attempts to evenly distribute the load among the alternative routes. If the direct route and all the two-link
alternative routes are unavailable, the VC is blocked.

Clearly, routing the VC on a two-link alternative route
consumes twice as much bandwidth. This is why trunk
reservation is used in order to discourage using two-link
routes, and thus reserve some amount of bandwidth for
future direct VCs.
Recently [4], it has been recognized that in order to
maximize the utilization of available resources, a routing policy in a heterogeneous (multi-rate) environment
should implement packing of narrowband VCs (having
relatively small bandwidth requirement) on some VPs
in order to leave room on other VPs for wideband VCs.
The scheme proposed in [4] attempts to pack class-s
VCs by keeping in perspective only the next higher
class of VCs. In this paper, we extend the scheme
in order to account for all higher classes. In [4], the
packing based scheme and the traditional least-loaded
based scheme were compared under uniform workload
on a 6-node network supporting only two classes of VC.
In this paper, we consider larger networks supporting
more than two classes and subjected to skewed workload.
We also propose another scheme based on the leastloaded concept. This scheme, however, would sometimes choose a two-link alternative route over the direct route, if the former is signi cantly attractive. We
compare the various schemes by simulation. Our results show that under skewed workload, our proposed
schemes, the extended packing based and the modied least-loaded based, give higher revenue at the expense of higher VC blocking probability (or low carried VC load). However, under uniform workload, all
schemes provide similar revenue. We also discuss the
e ect of trunk reservation on fairness among di erent
VC classes.
The paper is organized as follows. Section 2 presents
the di erent routing and admission control algorithms
that will be examined. Section 3 compares the various
algorithms using discrete-event simulation. Section 4
concludes with future work. Details omitted because
of lack of space can be found in [7].

2 Routing and Admission Control Algorithms
In this section, we present the routing and admission control algorithms that will be examined. We rst
introduce the following de nitions.
 A route is said to be QOS-permissible if it has
sucient idle capacity to carry the VC.
 In this paper, we use two de nitions for the TRpermissibility of a two-link alternative route. For
simplicity, we will assume that all links have the
same TR value.
De nition 1. An alternative route is said to
be TR-permissible if its idle capacity minus
the reservation threshold is greater than or

equal to the requested bandwidth of the incoming VC [4].
Note that the idle capacity should then exceed a
certain amount of bandwidth that varies depending on the class of the incoming VC. This further discourages higher VC classes (with higher
bandwidth requirements) from using alternative
routes. We thus refer to this as \class-dependent
reservation". Also note that if an alternative
route is TR-permissible then it is also QOSpermissible, and hence allowable.
De nition 2. An alternative route is said to be

TR-permissible if only when it carries at
least one direct VC on one of its links, the
idle capacity must be greater than or equal
to a reservation threshold that is independent of the class of the incoming VC.

This de nition of TR-permissibility requires that
switches keep track of the number of direct VCs
on outgoing links. This avoids unnecessary reservations for direct VCs when not present. Also,
since the reservation does not depend on the
class, we ensure that all classes are treated fairly
concerning the use of alternative routes. We refer
to this as \class-independent reservation".
 A two-link alternative route is said to be allowable if it is both QOS-permissible and TRpermissible.
2.1 Algorithms with Class-Dependent Reservation

In the following three algorithms, TR-permissibility
is de ned as given by De nition 1.
2.1.1 Least-Loaded Routing (LLR)

The Least-Loaded Routing (LLR) algorithm is a common algorithm that attempts to evenly distribute the
load among the alternative routes. The following steps
are executed when a new VC arrives:
1. Set up the VC along the direct route if the direct
route is QOS-permissible. Otherwise, go to step
2.
2. If no allowable alternative routes are available,
then the VC request is rejected. Otherwise, set
up the VC on the allowable alternative route with
the largest idle capacity, i.e. the least loaded.
2.1.2 Most-Loaded Routing (MLR)

The Most-Loaded Routing (MLR) algorithm attempts
to pack VCs on some alternative routes by favoring the

most utilized. Thus, it attempts to leave other alternative routes very lightly loaded, and thus increase the
chance of admitting incoming VCs with large bandwidth requirements.
2.1.3 Multi-Rate Least-Loaded Routing with
Packing (MLLRP)

The Multi-Rate Least-Loaded Routing with Packing
(MLLRP) algorithm proposed by Gupta [4] attempts
to pack class-s VCs by considering the next higher class
of VCs. The basis of the algorithm is as follows: if a
class-s VC cannot be routed on the direct route, then
route the VC on the allowable alternative route that
has the largest incremental capacity. The incremental
capacity of an alternative route is de ned as the maximum number of class-s VCs the route can support after
carrying the maximum possible number of class-s VCs,
where s = min(s + 1; S ).

2.2 Algorithms with Class-Independent Reservation

In this subsection, we propose two algorithms for
which TR-permissibility is de ned as given by De nition 2.
2.2.1 Multi-Rate
(MLLR)

Least-Loaded

Routing

The Multi-Rate Least-Loaded Routing (MLLR) algorithm forces classes of VC with lower bandwidth requirements on alternative routes when the load of the
given direct route reaches a certain threshold. So even
if the direct route can support the VC, the MLLR algorithm may route the VC on the least utilized allowable
alternative route provided that it is suciently \attractive". The alternative route is said to be attractive
if its idle capacity exceeds x times the idle capacity
of the direct route. The value of x is chosen to be
higher for classes with higher bandwidth requirements.
In particular, it is chosen to be in proportion to the
load/demand imposed by each class and to account for
the fact that using an alternative route, instead of the
direct route, consumes twice as much network bandwidth. We de ne the value of x as follows:
PS
x = 2(10 s bs )=( k=1 k bk ) ;
where s is the trac intensity of class-s VCs. We
assume here that the s are known a priori (based
on trac forecasts) or dynamically estimated. Thus,
classes of VC with lower bandwidth requirements have
higher chances to get routed on alternative routes. This
will reserve bandwidth on direct routes for classes of
VC with higher bandwidth requirements while causing minimal loss of network resources by routing only
classes with lower bandwidth requirements on alternative routes. The following steps are executed when a
new class-s VC arrives:

1. If the direct route is not QOS-permissible and
there are no allowable alternative routes, then
reject the VC. Otherwise, go to step 2.
2. If the direct route is QOS-permissible and the
least-utilized alternative route is either not allowable or not attractive, then setup the VC on
the direct route. Otherwise, the VC is routed on
the least-utilized alternative route.
2.2.2 Generalized Multi-Rate Least-Loaded
Routing with Packing (GMLLRP)

As a generalization to MLLRP, we propose the GMLLRP algorithm, which is similar to MLLRP except
for the de nitions of TR-permissibility and incremental capacity. TR-permissibility is given by De nition 2.
Regarding incremental capacity, we extend its de nition to not only account for the next higher class of VCs
when routing an incoming class-s VC, but all higher
classes. Thus GMLLRP attempts to pack class-s VCs
in order to reduce blocking for all higher classes.
We de ne the incremental capacity of the alternative
route as the maximum number of class-s VCs the route
can support assuming the maximum possible number
of class-s VCs are carried, where s (s + 1  s  S ) is
the higher class that minimizes incremental capacity.
Note that for a class-s VC request, we only consider the
incremental capacity due to classes s + 1;    ; S since
the incremental capacity due to classes less than s is
always zero. The following steps are executed when a
new class-s VC arrives:
1. Set up the VC along the direct route if the direct
route is QOS-permissible. Otherwise, go to step
2.
2. If no QOS-permissible alternative routes are
available, then the VC request is rejected. Otherwise, route the VC on the route that has the
largest incremental capacity if it is also TRpermissible; in case of ties, the VC is routed on
the route with largest idle capacity. If no such
route exists, then the VC request is rejected.

3 Performance Evaluation
3.1 Network Model

We consider a fully-connected logical VP network,
which could be carved out over an arbitrary underlying physical topology. We assume all VP links have the
same total bandwidth and the same reservation threshold. The network is used by a number of VC classes. A
class-s VC requires the reservation of bs units of bandwidth. Class-s VC setup requests arrive to the network
according to a Poisson process of rate s . Each classs VC, once it is successfully setup, has a lifetime of
exponential duration with mean 1=s .

To model a skewed workload, we assume each VC
class has di erent arrival rate and average lifetime.
Furthermore, the network is partitioned into two equal
groups, each containing half of the total number of
nodes N . The source and destination nodes of a VC are
chosen randomly from the same group. The group is
chosen with some speci ed probability, pskew . A node
in another group may be chosen by the routing algorithm to act as the intermediate node in a two-link
path.
3.2 Performance Measures

To evaluate the performance of the algorithms, our
main measure is revenue, which is de ned as

revenue =

XS 
k=1

k

(1 ? Bk ) bk

where k = kk , and Bk is the blocking probability
of class k. The reservation threshold parameter is assumed to be set a priori such that revenue is maximized. We also de ne the carried load as
S
X
carried load = 
k=1

k

(1 ? Bk )

The carried load measure gives the average number
of VCs carried by the network.
3.3 Numerical Results

We present results for a 20-node network, i.e., N =
20. Each VP link has a total of C units of bandwidth.
Here we take C = 96. We have four classes of VC
with b1 = 1:3, b2 = 4:1, b3 = 6:7 and b4 = 9:9. The
arrival rates are 1 = 0:4, 2 = 0:3, 3 = 0:2
and 4 = 0:1, where  is the total VC arrival rate.
The departure rates are 1 = 0:004, 2 = 0:003, 3 =
0:002 and 4 = 0:001. Notice that we have chosen the
parameters such that the highest class of VC, which
might represent large video conferences requiring the
largest amount of bandwidth, arrives less often and
holds on longer. We take pskew = 0:8.
Figure 1 shows revenue and carried load for LLR,
MLR and MLLRP. LLR performs better or as well
as the other two. Figure 2 compares LLR with our
proposed schemes, MLLR and GMLLRP. Both outperform LLR in terms of revenue at the expense of carried load as they tend to accept fewer low-bandwidth
VCs and more bandwidth-intensive VCs. Thus there
is a clear tradeo between maximizing network utilization and accepting as many VCs as possible. Figure 3
demonstrates this by showing the class blocking probabilities for LLR and MLLR. It also illustrates the fairness of class-independent reservation as it brings the
blocking probability of di erent classes within a smaller
range.

4 Conclusions and Future Work
We proposed packing based and least-loaded based
VC control algorithms for multi-class VP-based networks. Under skewed workload, it was observed that
packing results in increased revenue (or equivalently,
network utilization). We showed that a least-loaded
based scheme that sometimes selects long alternative
routes over short direct routes, especially for lowbandwidth VCs, also results in increased revenue. This
is true as long as the longer route is signi cantly attractive (lightly loaded) that it o sets the loss in network
bandwidth. Future work remains to develop dynamic
reservation thresholds that are adjusted based on trafc estimates. This is of practical interest when the
input trac is unknown or time-varying.
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Figure 1. Revenue and carried load versus total VC arrival rate. Skewed workload.
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BLOCKING PROBABILITY vs ARRIVAL RATE for LLR
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Figure 2. Revenue and carried load versus total VC arrival rate. Skewed workload.
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Figure 3. Class blocking probabilities versus total VC arrival rate for LLR and MLLR. Skewed workload.

