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Abstract (bandwidth, expressed in cdls per seaond). When the VC

In virtual circuit networks, the problem of routing a
connedion consists of seleding the best path among all the
available paths between the source and destination of the
connedion. In this paper, we propose a path pre-seledion
routing scheme that not only takes the current state of each
network link into acoount, but aso considers the routing
requests being isaled by other nodes in the network. To do
so, time is divided into periods. At each period, each node
colleds al its local connedion requests, and kroadcasts
this list of requests to all nodes in the network. At the
beginning o each period, al nodes apply the same path
seledion algorithm to choose the optima paths for their
requests from the previous period, taking into
consideration the requests of all other nodes. Finding the
optimal paths is formulated and solved as a linea integer
optimization problem. Our algorithm outperforms a st
function routing algorithm in terms of setup blocking rates
under different traffic loads and network configurations.

keywords. Pardld/distributed algorithms, Routing
algorithms, virtud circuit networks, quality of service

1 Introduction

Computer networks cen be dasdfied into two basic
categories. datagram networks and virtual circuit networks
[1]. In datagram networks, data packets are routed
individually, and may take different paths towards the
destination. In virtual circuit (VC) networks, data packets
are routed in order dong a fixed path between the source
node and the destination node. The most well -known form
of a VC network is Asynchronous Transfer Mode (ATM).
ATM networks offer an increased capacity to handle a
wide variety of applicaions such as data, voice, and video
with quality of service (QoS) requirements.

In VC networks, the routing problem consists of
seleding the best path among dl the available candidate
paths between the source and destination nodes. When a
source node requests a VC to a destination node, the
source node uses its current view of the network sate and
its routing algorithm to sded an entire path to the
destination node that appeas to ke @pable of supporting
the requested QoS.

The dosen peth is encoded in a connedion setup
messge. The VC setup message is then sent over the
sdeded path to reserve the necessry resources

setup message reaches an intermediate node along the
scleded path, a set of admisgon control tests are
performed to dedde whether the new VC, if established,
can be guarantedl its requested QoS without jeopardizing
the QoS guarantees to aher existing VCs. If the node can
satisfy the setup request, resources are then reserved at that
node and the setup message is forwarded to the next node
acoording to the routing instructions in the setup message.
On the other hand, if the node is lacking resources, a tea-
down message is snt back to the precaling nodes along
the path to release the resources reserved for the VC. If
this ocaurs, therequest is said to ke blocked.

If the final admisdon tests at the destination node ae
pasxd, a VC acknowledgment message is ent back to the
source node to confirm the establi shment of the VC. Upon
recaving the acknowledgment messge, the application
starts transmitting its packets in order over this reserved
VC. When the application terminates, either the source or
the destination can send a rel ease message to the opposite
node dong the established VC and release the resources
along the path.

2 Review of Previous Work

Routing dedsions affed the network resource
utilization and the setup blocking rate of future requests.
This is becuse the path of a VC remains the same
throughout its lifetime. Many routing algorithms for virtual
circuit networks have been proposed in recent years (see
[2][3][5][71[1Q]). The probem formulation, objective
functions and solution methods cover a wide spedrum.
Some researchers focus on reducing the initial setup
blocking rates while others attempt to increase the
utilization of the bandwidth.

To simplify the studies, reseachers often propose
asaimptions to analyze the networks theoreticdly. In [3],
the VC routing scheme is formulated as a multicommodity
network flow problem and is proven to be NP-hard. Thisis
because the mndraint set is identical to that of the multi-
choice multi-constrained knapsack probem [4].

Cost functions are often used to measure the
availability of network links. In general, a @st function is
defined in terms of the network state information, such as
the sum of measured link delays or the number of hops
from the source node to the destination node. Usually, the



path seledion algorithm favors those paths with minimum
cost.

In [7], cost functions are evaluated for primary routing
of permanent virtua circuits. The aithors concluded that
the mst metric based on an exponentia function leadsto a
routing algorithm with optimal competitive ratio. In [10],
routing algorithms are investigated where acost function is
defined in terms of the QoS information and the hop
counts of a path. A source node sdeds a subset of
minimum-hop and minimum-hop + 1 paths among all the
candidate paths at the time request. From this subset of
paths, a path pissededed probabili sticdly using the st of
the path.

The multiple path routing agorithm [5] is a dynamic
routing scheme whose objedive is to maximize the
network throughpu by minimizing cdl losses. They
present a least-loaded path routing agorithm (also based
on cost functions) [5] is to maximize throughput in fully-
conneded ATM networks.

The disadvantage of cost functions is that most of the
cost functions lack theoretical justification. In addition,
cost functions do not take the VC setup requests of other
nodes into account. For example, the routing scheme
routes the requests of a source based on the past network
information regardless of other current requests from the
rest of the nodesin the network. A node may choase a path
that seams less congested at the time of the view of the
network. However, some of the links in the paths may
become mngested because too many other nodes sled the
same links at the same time, resulting in a higher setup
blocking rate.

3 Pre-Selection Technique

Suppose we have a network as depicted in Figure 1 and
each link has 5 available channds. Let us consider the
foll owing two cases:

Case 1: There ae five setup requests for the 1-11 pair
and no setup requests for the 2-11 pair.

Case 2: There ae five setup requests for the 1-11 pair
and five setup requests for the 2-11 pair.

If routing with a typical cost function is used, such as
shortest path, the blocking rates in case 1 and case 2 are
0% and 50%, respedively. However, in case 2, if node 1
knows that there will be five setup requests for the 2-11
pair andthat link 2-11 will be solely used by the 2-11 pair,
node 1 can sded path 1-3-4-11 to send its stup requests,
resulting in a blocking rate of 0%. In other words, if a
routing algorithm can predict or colled information of
incoming setup requests and e it to dedde the routing
paths, the setup Hocking rates are expeded to deaease.

There ae severa ways to lean about other nodes
incoming setup requests. One way is to use historicd data
and build a setup request probability function. The
probability function can predict the upcoming requests of a
source node for the next period. The dternative isthat each
node holds and coll eds its stup requests between network

updates and then broadcast the request information as well
as its link status to the rest of the network. Each node
coll eds the broadcast information from all other nodes. At
the end of the broadcast, all nodes have a omplete view of
the network link capacity and the requests. In this study,
we sded thislater method.

Colleding VC setup requests will delay VC setup
requests by a few seconds. Thus sould not not bother
most users becuse the actual duration of communicaions,
such as voice and video, is much longer. Users can
actualy benefit from the higher rate of successful setup
connedion so that they do not neal to re-isaie mnnedion
requests. In addition, the extra network traffic to carry
request information is relative light because the message
itself is snall. The requests for a pair of source-destination
can be represented by a quadruple of integers (source
destination, number of requests, virtual bandwidth clasg
which requires four bytes. For an ATM network depicted
in Figure 1, a node requires only 52 bytes to include dl of
its stup requests of a single service dassto the rest of the
network. In an ATM network with a speed of 622 Mbps,
this extra burden is negligible.

4 Network Model

A virtua circuit network is modeled as a graph where
the endsystems are represented by nodes and the
communication channels are represented by direded links.
Let V={1,2,...,h} bethe set of nodesin the graph. Let T be
the total number of direded links in the network and let
L={Lq,Lo,...LT} be the set of direded links The

capacity of a link is defined as W. Beause each QoS
request demands a cetain amount of bandwidth, this
bandwidth can be thought of either as the pe&k
transmisgon rate of the VC, “effective bandwidth” [8], or
the mean traffic rate [9].

The requested bandwidth can be further divided into
classs. Each class s of requests only needs a certain
amount of bandwidth ws For class srequests a link
capacity can be epresed as C=Wiw,, i.e, Cs is the
maximum number of requests from class s which cen be
satisfied by the link. We refer to Cs as the number of
chamels of class sthat the link may support. Thus, the
network link capacity W can be translated into a maximum
number of channds C; for class s Below we consider a
single traffic dass However, the etension to multiple
classsis smple, and discussd in the mnclusions.

The setup requests for each source-destination (s-d)
pair in a period are asaumed to follow the Poisson
digtribution. The network updates are assumed to he
synchronized and these broadcasts reach other nodes
instantaneoudly. This is judtifiable because the time to
propagate routing information is smal compared to the
routing update period.

A feasible link is defined as a physical link with
channels that can be used for setting up new connedions.
A path consists of a sequence of adjacent feasible links. A
shortest path is defined as a path between a source node



and a destination node with the minimum number of hops.
Usually, several shortest paths are available for a given
source-destination pairs. The available capacity of alink is
the number of channels that can be used for new
connedions.

5 Mathematical Model

Suppose that there ae m source-destination pairsin the
pending request matrix, and the number of requests for the
d™ pair is Ry. For the d" source-destination pair, there ae
ty shortest paths between the source node and the
destination node under current network conditions. The
total number of shortest paths for all pending requestsisn

m
(= th ). Each shortest path uses a number of active
d=1

links. An active link corresponds to a physical link which
lies on one of the shortest paths of some source-destination
pair. An active link set {I5, I, ... , I} is a subset of the
physical links {Ly, L,, ... , L7}, g £ T. As network link
status changes, the shortest paths for a given source
destination pair may vary, resulting in a different set of
active links. In the following discusson, we refer to an
active link simply as a link, and ignore non-active links.
Let C; represent the available @pacity of thei™ link in the
network. Let x; be the number of requests to be routed on
the " path (1<j<n).

For thei™ link in the network, the number of requests
on thislink cannot exceel its available @pacity.

n
zainj <G @
=l

i ith .th s
where 3 :%1 if thej”" pathuseghei ™" link.

) otherwise

,and I

< q, Igj=n.

For the d" source-destination pair, there ae Ry requests
and ty different shortest paths. The sum of the requests to
be routed on this set of paths must be equal to R,.

S =R d=1..m (9
=}

% if jth pathis oneof theshortespathdor the
baj=0 4t source destinatio pair.
otherwise

In other words, if the j™ path is one of the shortest paths
for the d" source-destination pair, X; is part of the request
R4 (x; U Ry) andthe wefficient by is 1. Otherwise, x; is not
part of therequest Ry and the mefficient by isO.

The next step is to define an objedive function. There
are several ways to define an objective function. One of
the optimization goals is to use the least network
resources. However, some links lie on the shortest paths
of several s-d pairs. Source nodes may favor some paths

so that these links are overloaded in the next period while
other paths, although with the same number of hops, have
extra cgpacities. If asourcenode has sveral shortest paths
to the same destination, the traffic load dstribution on
these paths will be uncertain because different traffic loads
may satisfy the same olbjective function. Furthermore,
different load patterns may make some links close to
saturation whil e others links barely loaded. When the next
period comes, we may find that some source nodes have to
take much longer paths to reach their destination than
expeded because some overcrowded links are not
available to them anymore.

To strike a good balance between effediveness of the
network and resource reservation for future setups, we
propose an oljedive function which will maximize the
remaining capacity of the most congested links in the
network. Thus, in this paper we propose a1 objedive
function f as foll ows:

Maximize f, where f isthe minumum of

n n n
(Cl—zalej,Cz—zaszj, ,Cq—zaquj) (3)
j:l j:l j:l

subjed to Equetions (2).

This objective function will force traffic load to be
evenly distributed among all posshle paths so that the
remaining capacity of the links can reach amaximum after
all requests are routed on the seleded paths. We believe
this optimization criterion will crege abetter environment
for the future setup requests.

The network routing problem becomes an optimization
problem of maximizing severa linea eguations. To
transform thisinto alinea programming (LP) problem, we
introduce a new variable X.., which represents the
maximum value of the most congested link capacity [11].
Therouting gptimization problem becomes

Maximize X1 subject to

n
Xn+1t ) @jXj <G
=l

n
> bgjXj =Ry 4
=1

x=0andisinteger,1<j<n,1<i<qg l<d<sm.

Next, g dack variables are introduced into the
inequalities in (4) and the inequalities are changed into
equations [11]. A dlack variable in this case represents the
remaining capacity of the link and is greaer than or equd
to zero. Finaly, the routing problem is transformed into a
linea programming (LP) problem.

Maximize x,.; subjed to

n
Xn+1+zaijxj+xr:Ci (5)
=1



n
> bajxj=Rq (6)
=

x=0andisinteger, 1<i<qg l<d<m,r=n+.

6 Optimization of The Linear
Programming Problem

Optimization of the integer linea programming
problem is well known for the difficulty of obtaining an
exact solution [12]. In general, an integer program is
converted into a linea program without integer restriction.
A non-integer optima solution is found and then the
closest integer solution is believed to be the best integer
optimal solution. In this sudy, we employ the two-phase
simplex agorithm and cutting plane technique to solve this
integer linea problem (for more detail s, see[14]).

In phase | of the simplex method, artificial variables,
denoted x,, areintroduced to each costraint in (6).

n
Zbdej+Xg =Ry @)
=

wherel<d<mand g=n+1+qg+ m The atificid
variables, aong with the dack variables, form an identity
submatrix in the eguations, which alow to quickly find a
feasible solution. From this feasible solution (which
contains artificial variables) the purpose is to find another
feasible solution which contains no artificial variables and
is a feasible solution of the original LP (5,6). To do so, a
new Phase | oljective function G isintroduced:

Maximize
G=-9AXn+2+q + Xn+3+q +---+ X n+d+grm)
subjed to (5) and (7).

The optima solution with G=0 is a feasible solution of
the original problem (5,6). The outcome of Phase | then
becomes the starting pint of Phase Il. The Phase Il
problem is the origina problem (5,6). Since a feasible
solution is avalable at the beginning o Phase I,
conducting optimization operations on LP (5,6) will
generate an optimal solution. The optimal solution may not
be an integer solution. In this study, we apply the aitting
plane method [12] to find an approximate integer optimal
solution.

In the final integer optimal solution, the value of x;
represents the number of requests to be routed along the j™
path.

Since ech node gplies the same algorithm with the
same network information at the same time, each node has
the same routing peth array. However, each node only
takes care of the requests to ke isaued from itsef. When
the next period comes, each node will i saie the requests
acoording to the routing array it has. Because the paths are
optimized with consideration of other requests in the
network, setup messages can avoid sending too many

requests on some mngested links. As a result, the initia
blocking rateislikely to be grealy reduced.

7 Simulation Setup

For comparison purposes, we @mpare out scheme
against routing algorithms proposed in [10] In [10], a cost
function is defined in terms of the QoS information and the
hop counts of a path. A source node seleds a subset of
minimum-hop and minimum-hop + 1 paths among all the
candidate paths at the time of network updite. From this
subset of paths, a path pis ®leded probabili stically using
the path weight Wp defined asfoll ows:

Fp

Wp O Tip p

where Hp isthe hop count of path p. Lp isameasure of the
load on path paveraged ower the last update period. Fpisa
feasibility factor, depending an whether path p is feasible
or not.

The best routing scheme in [10] is referred to as
sumUTIL+HOP whose path weight is defined as foll ows:

_ 0 100 /Hp Lp <£0.01
/(Lp x Hp) Otherwise

where Lp is the sum of the utilization of the links on path
p. The utilizetion of a link is the fraction of the link
currently used.

Routing information is updated by nodes via periodic
broadcasts of the status of their outbound links during the
last period. After each update, a node uses its new routing
information to compute new routes to be used for
incoming connedions until the next broadcast. Once a ell
setup request arrives, the posshility that a path is chosen is
diredly proportional to its relative weight in the subset of
the source-destination paths.

A simulator SIM-1 was written in C to evaluate the
setup blocking rates based on the sumUTIL+HOP cost
function. Another smulator SIM-2 was coded in C to
simulate the set up processes and measure the blocking
rates using our proposed routing algorithm. Both routing
algorithms were tested under the same network conditions
and asuumptions. Three sets of source-destination pairs in
the simulations are given in Table 1. The third source
destination set in Table 1 consists of 30 randomly chosen
source-destination pairs. The network characteristics are
given in Table 2. C. istheinitial cgpacity of the network
links. The Poisson constant [13] controlsthe distribution of
source-destination  setup requests. The nstant a
determines bath mean and standard deviation of the
request lifetime which foll ows an exponentia distribution
given by the probabilit y function

1/
a

p(x) =

At the beginning o the simulation, the Gpacity matrix
consists of al links with the initial capacity Cy.x. The
request matrix is populated with random numbers that



obey the Poisson distribution. The duration matrix is also
flooded with random numbers following an exponential
distribution. A path-finding program is run to crede the
routing path array. Each node gets a set of feasible paths
with the number of requests that are planned to be routed
on those paths. Then, the network simulators were run to
simulate the actual VC connedion process and count the
actual blocking rates for bath algorithms. The mnnedion
setup process is smulated as stated in the introduction
sedion of the paper. If the path is available at the time of
the request, a VC is considered established. If some of the
channels dong the path are full, the setup request is
considered blocked. No rerouting effort is made for the
same request. The blocking rate is defined as the total
number of setup requests blocked ower the total number of
setup requests isaued at the same time. At the end o each
round of simulation, the network smulator will output the
newest network capacity matrix. To make a fair
comparison, the request matrix and duration matrix at the
beginning o every round of smulation are identical in
both algorithms.

8 Simulation Results and Performance
Comparison

Figures 2, 3 and 4 show the mmparison of the two
routing algorithms under different traffic loads and source-
destination plans. The verticd coordinate in the figures is
the auimulative blocking rate of the whole network. The
prefix Sin the label 1egend represents the sumUTIL+HOP
algorithm while the prefix P stands for the proposed
algorithm. The number in the label legend is the simulation
setting number shown in Table 2. For example, the S 1
curve is the smulation result of the sumUTIL+HOP
algorithm under the simulation conditions of setting
number 1. It is obvious that ow routing agorithm
outperforms amUTIL+HOP algorithm on all different
loads of network traffic. Our algorithm works very well
when the network capacity is abundant.

In the plan 0 — 2 configuration, the pre-sdedion peth
routing scheme has a blocking rate aound 88% lower than
sumUTIL+HOP in a light loaded, 30% lower in a
moderately loaded, and 16% lower in a heavily loaded
network. In the plan O — 7 configuration, the blocking rate
ill ugtrates the same trend.

Our routing scheme performs better when the network
has plenty of capacity and shortest paths to choose. Thisis
because the prerouting agorithm carefully considers
network requests as a whole so that requests cen sded
“shortest” available paths without hitting same hot links. In
addition, the pre-seledion path agorithm does not limit its
path sedledion to the minimum hop + 1 subset. Choosing
longer paths makes more requests get satisfied. The
disadvantage of a longer path is that the connedion will
occupy more resources if its lifetime happens to be long.
When the network islightly loaded, each link usualy has a
few channd's available for the next period. In this case, the
disadvantage is not so dovious. Choasing longer paths will
increase the successful setuprate.

Under heavy load conditions, the available links are
very limited. Very often, some links are fully occupied at
the beginning o the next period so that they are not
available to the requests in that period. Even though the
pre-seledion algorithm cen till find more paths to satisfy
these requests, the advantage diminishes. In the worst case,
if a connedion chooses a much longer path and it happens
to stay on the path much longer, it will consume more
badly neaded resources, causing performance degradation.

9 Conclusions

This paper focuses on the development of a dynamic
routing agorithm for virtual circuit networks. The
proposed algorithm lets each node wlled and hold
connedion setup requests in the airrent period, broadcast
request information at network update time, and compute
best paths for the requests it holds. The requests being held
areisaed on the pre-sdeded pathsin the next period.

We considered the formulation of this problem as an
integer linea optimization problem. A combination of the
cutting plane and two-phase smplex method was used to
solve this optimal path seledion problem. Discrete event
simulations were performed to compare the proposed
algorithm with the st function algorithm proposed in
[10]. Simulation results verify that our proposed algorithm
outperforms the cost function agorithm under different
network  traffic loads and  source-destination
configurations. The pre-seledion algorithm is giitable for
networks with abundant link capacity and the source
destination pairs in the network have plenty of paths to
choose.

Finally, we only considered asingle dass of traffic. For
multiple dases, a dmple solution is to run the
optimization algorithm multiple times, once for each class
E.g., asume we have three bandwidth classes, high,
medium and low. At each update interval, the optimization
algorithm would be run three times, one for each class
The output of each run is a new network gtate with the
bandwidth available for the remaining classs, which is
used asinput for the next run.
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Table 1. Source — Destination Plan (Source,
Destination)

Plan0 -- 2

Plan0 -7

30 Nodes

(0-2), (1-3), (2-
4), (3-5), (4-6),
(5-7), (6-8), (7-

(0-7), (1-8), (2-
9), (3-10), (-
11), (5-12), (6-

(0-8), (0-11), (1-2), (1-8),
(1-11), (2-3), (2-4), (3-2),
(3-13), (4-2), (4-8), (5-9),

9), (8-10), (9-
11),  (10-12),
(11-13), (12-0),
(13-1)

13), (7-0), (8-1),
(9-2),  (10-3),
(11-4), (12-5),
(13-6)

(5-12), (6-0), (6-11), (7-11),
(7-13), (8-4), (8-10), (9-6),
(9-2), (9-13), (10-5), (10-7),
(11-1), (11°9), (12-0), (12-
6), (13-3), (13-8)

Table 2. Network Simulation Settings

Setting | Cmax| a Poisson Interval Plan
# Constant

1 4 15 4 15 0--2

2 6 15 4 15 0--2

3 8 15 4 15 0--2

4 10 15 4 15 0--2

5 4 15 4 15 0--7

6 6 15 4 15 0--7

7 8 15 4 15 0--7

8 10 15 4 15 0--7

9 8 10 4 15 30 nodes

10 10 10 4 15 30 nodes

11 15 10 4 15 30 nodes
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