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University of Karlskrona/Ronneby,

S-371 79 Karlskrona, Sweden

Abstract- The goals of VPC management functions are to reduce the call blocking probability, increase
responsiveness, stability, and fairness. As telecommunications traffics experience variations in the
number of calls per time unit, due to office hours, inaccurate forecasting, quick changes in traffic loads
(e.g.New Year’s Eve), and changes in the types of traffic (as in introduction of new services), this can be
met by adaptive capacity reallocation and topology reconfiguration. Brief explanations of the closely re-
lated concepts effective bandwidth and routing are given together with an overview of ATM. Fundamen-
tally different approaches for VPC capacity reallocations are compared and their pros and cons are
discussed. Finally, a further development of one of the approaches is described.
1. Background

his research report is a summary of the research
done so far in my Ph. D. studies. A brief explana-

tion of some of the issues relating to the topic of vir-
tual path connection (VPC) management is also giv-
en, because it is essential for a broader understanding
of the problem.

It is well known that traffic variations occur on a
number of different time scales. In the order of hours,
variations are caused by the number of potential us-
ers,i.e. the number of users in a position where they
may use their equipment. Typical factors on this scale
include weekdays, office hoursetc. Traditionally,
these kinds of variations have been met by variable
routing schemes, but modern technology such as
asynchronous transfer mode (ATM) which deploy
circuit or channel bundling by means of virtual paths
permits what in fact is link redimensioning.

ATM is based on the specifications and standards
being developed by International Telecommunica-
tions Union T (ITU-T, formerly CCITT), European
Telecommunication Standard Institute (ETSI),
American National Standard Institute (ANSI), and
the ATM Forum.

The basic service of an ATM network is the trans-
port and routing of ATM cells. These cells can be
seen as small packets. Each ATM cell contains a
header and the data to be transferred. Cells are
switched in the network based on identification tag
contained in the headers. ATM transports all types of
traffic (data, voice, image, and video) using the same
cell format. (5 byte header + 48 bytes of data.)

ATM contrasts with synchronous transfer mode
(STM) in the way it uses communications channels.

In STM, communications channels are divided
into fixed periods of time called transmission frames.
The frames are divided into a fixed number of equal
duration time slots. Each user is assigned certain time

slots within each frame,i.e. it is a circuit switching
technique. (A user can be given more than one tim
slot in a frame.) The time slots for each user occur
precisely the same time in every frame. Users can
cess the communication channel only during the tim
slot that has been allocated to them. If there is
traffic ready to send when the slot occurs, the s
will be unused. If a user has a burst of data that e
ceeds the capacity of the designated slots, additio
slots cannot be used even if they are idle. As a resu
there could be a long delay in getting a burst of traffi
passed over the STM network.

In ATM, access to the communication channel
more flexible because packet switching conserv
bandwidth by interleaving data from multiple source
and packing it into the channel whenever there
room. Any user who needs the communication cha
nel can use it whenever it is available and indepen
ently of the actual application. ATM is also describe
as providing bandwidth on demand.

There are several benefits of ATM technology. B
allowing any user access to the network whenever
sources are available, ATM provides better use
bandwidth for bursty traffic. By breaking a traffic
stream into small, fixed-length cells, ATM prevents
user with a long message from blocking access to t
network. ATM is flexible and accommodates a wid
range of rates and applications.

The ATM cell size is a compromise between th
long frames of data applications and the short repe
tive needs of voice. Because of its asynchronous n
ture, ATM supports traffic at rates and degrees
burstiness compatible with the applications bein
run, not at rates convenient to the network.

ATM is a simple, very fast switching and routing
process based on identifiers in the cell header. With
the network, no processing occurs above the cell le
el when the cells are switched, thus simplifying an
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increasing the speed of message handling. ATM has
been suggested to be a bearer service for the broad-
band integrated services digital network (B-ISDN).

A virtual channel (VC) is a concept of associating
ATM cells to a channel by a common unique identifi-
er value (VCI) in the cell header. A virtual path (VP)
associates VCs to a path which is identified by the
VP identifier in the cell header [1].

To establish a new call/connection between two
nodes several actions have to be taken. Firstly, a path
through the physical links must be chosen. This path
can be fixed or changed from one call to another. The
problem of selecting the best path (in some sense)
between node-pairs is called routing. Secondly, there
must be a check to ensure that there is enough capac-
ity (buffer space in the nodes and transmission band-
width on the links) left to establish the call through
the series of links between the end nodes. By reserv-
ing capacity at the end nodes, it is easy to see if free
(unreserved) capacity exists at the originating node.
The intermediate nodes do not have to know the ca-
pacity allocation.

The established call is a virtual channel connec-
tion (VCC). A virtual path connection (VPC) groups
VC links together to be handled as an entity. A VPC
is constructed from one or more physical links (trans-
mission paths) which are called VP links. On each
VP link the cells have an unique value of the VPI in
the cell header. A VCC traverses a set of concatenat-
ed VPCs, each seen as a VC link. (On each VC link
the cells have a unique value of the VCI.) The VPCs
can be seen as (virtual) paths between nodes. By re-
serving capacity for the VPCs the acceptance of a
new call is simplified because the routing and reser-
vation of capacity has already been done. A VPC
overlay network constitutes a higher layer which is
logically independent of an underlying physical net-
work. Constructing such an overlay network is a mat-
ter of solving a multi commodity flow problem. This
will be described in Sect. 2.

The amount of capacity needed for a certain con-
nection has to be estimated. The effective bandwidth
is a measure of this amount of capacity, and it is ex-
plained in Sect. 3.

If several VPCs between the node pairs are used,
there is the problem of deciding which one to use.
This is discussed in Sect. 4.

Compared to the OSI model the protocol refer-
ence model for B-ISDN defines different layers. At
the top, we have higher layers (e.g.TCP/IP). Below
this there is the ATM adaption layer (AAL) followed
by the ATM layer, and finally the physical layer at the
bottom. In the ATM layer there are four functions:
cell multiplexing/demultiplexing, VPI/VCI transla-
tion, cell header generation/extraction, and at the

standardized user-to-network interface a generic flo
control (GFC). The flow control is used to control th
locally generated information by terminals within th
customer premises. The ATM layer is divided int
the virtual channel level and the virtual path level.
is the functions relating to this layer we are dealin
with in our studies.

The heterogeneity of services and the bandwid
requirements make dimensioning of ATM network
much more complicated than the dimensioning of h
mogenous circuit switched networks. The capabi
ties to reallocate infrastructure resources on
dynamic basis is a strong requirement for futu
ATM networks to ensure efficient utilisation. Tradi
tional telephone networks have been dimensioned
the so called busy hour to cope with the maximu
traffics. This means that much of the capacity w
stay unused for most of the time. Furthermore, it
likely that there are mismatches between the forec
demands and the real ones. There are also situati
when the total demand exceeds the physical capac
of the network. A solution to this is to dynamically
alter the capacity allocation for the VPCs in a fa
way. This will meet the traffic variations by reshap
ing the VPCs in order to match the current demand
This means savings on the amount of capacity r
quired in a network if non-coincidental busy hour
can be utilized to reallocate the capacity.

There are basically four distinct VPC manage
ment approaches that are discussed in the literat
[2]:

• Successive capacity reallocation redistributes
capacity on a fixed VPC topology.

• Successive topology reconfiguration establishes
and/or tears down VPCs within an existing VPC
topology.

• Global reconfiguration consists of both global
capacity reallocation and global topology recon-
figuration. This activity potentially affects all
VPCs in the network.

• Long-term planning derives a static (or general)
set of VPCs and initial or minimum capacity
assignments for them.

On a short time scale methods called success
modifications can be used. These should be used
quickly adapt to changes, possibly at the expense
optimality.

On a medium time scale global modifications ca
be used since there is more time available for t
modifications which involve synchronisations of th
actual changes. Both the topology and capacity al
cation are to be found. Many different methods fo
solving this kind of optimization problem exists. Th
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optimization problems are often NP-complete and
differ in the objectives, constraints, and assumptions
[3-6].

The fact that there is a lack of comparisons be-
tween methods for VPC management [2], makes it
important to evaluate fundamentally different meth-
ods. We have tried to group different approaches into
categories which show different performance charac-
teristics among them, but with similar performance
within each group. The approaches can be grouped
according to how much information they use for the
management. These approaches will be described in
Sect. 5 and compared in Sect. 6. The idea of local and
distributed approaches is to increase the robustness
and to simplify the calculations needed compared to
a central approach which has the ability to do a seri-
ous effort to optimize the total performance of the
network.

On the longest time scale long-term planning is
used to dimension the physical network and it can be
used to establish a permanent set of VPCs that en-
sures connectivity regardless of the successive modi-
fications. A static minimum capacity can also be
assigned to these. The robustness of the network can
be increased by having backup paths in case of node-
and/or link-failures and by using path diversity. With
path diversity the traffic between a node-pair is split
(evenly) into several VPCs. Making a self-healing
network is important due to the possible high loss of
data [7-9] (decreasing the revenue). Although the di-
mensioning of the network probably is dependent on
what kind of VPC management function that is to be
used, we have not investigated this topic further.

In Sect. 7 we describe further development of the
local approach, because we have seen that it shows
good profitability when comparing the different ap-
proaches.

2. Routing

2.1 Overview

The routing information in virtual circuit net-
works is given as a link-by-link logical channel
number (LCN) defined either uniquely for each vir-
tual circuit in the network or uniquely for each link.
LCNs are usually short, with locally defined values
resulting in transmission efficiency. This method
requires routing tables at each intermediate node to
be set up at every connection establishment phase. A
global LCN reduces the updating of the tables. How-
ever, this scheme necessitates large routing tables at
intermediate nodes and the table look-up operation
may be time consuming as the number of connec-
tions in the network increases.

The concept of virtual paths is introduced in ATM
networks to reduce the complexity of network con
trol functions. The cells belonging to different virtua
channels are switched using a common VPI along t
nodes of the VPC, reducing the routing table siz
Compared with LCNs in current networks, VPIs ca
be viewed as “globally” significant LCNs with the
term global defined over a sequence of links th
forms a part of the end-to-end user path. Howev
there is no need for having one and the same value
the VPI for the whole VCC, since the identifiers ar
only locally significant in each node. This means th
the number of VPCs in a network is not limited. Th
routing tables contain information on which outpu
link is to be used by an arriving ATM cell, based o
the VCI/VPI field. Two kinds of nodes exist. A VP
switch only checks (and possibly changes) the V
field to be able to switch input to output link. VP/VC
switches are able to switch VPs/VCs or just VP
(This is done in the ATM layer of the protocol.)

VPCs can be viewed as semipermanent conn
tions in the network. The routing tables of VP
switches are set up by network control processo
and changes in these tables occur on a much lon
time scale compared to individual connectio
attempts. (VPCs are multiplexed on physical links)

2.2 Routing functions

The two major routing functions in connection
oriented networks are the establishment of a VC
upon a connection request and rerouting of VPCs
account for changes in the network operating cond
tions. Rerouting decisions can be made at a cen
node, at source nodes, or at intermediate nodes i
distributed manner. The resources consumed by
routing algorithms are the amount of storage for th
topology database, the processing capacity to co
pute and evaluate routing tables, and the bandwid
to propagate topology database updates to ot
nodes. If the topology database includes informati
about all resources in the network, the optimum
“close to optimum” routing decisions can be mad
assuming the optimization criteria and the constrain
are well defined.

The network signaling can be implemented wit
the private network-network interface (PNNI) proto
col specified by the ATM Forum. This protocol ena
bles the nodes to maintain dynamic routing tabl
which are automatically updated when changes occ
in the network. However, this would require larg
network control overhead since information has to b
gathered by means of control messages. It is poss
to decrease the required signaling by dividing th
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network into logical clusters. Node(s) belonging to a
cluster may have complete information about the
resources in its own cluster but may have only mini-
mal information about other clusters. Decisions made
in this environment are necessarily suboptimal when
paths include a number of different clusters. The net-
work control overhead with this scheme can be made
manageable by appropriate choice of clusters [10],
trying to minimize both the overhead and the degree
of suboptimality. Another type of signaling is based
on the traditional SS7 and the ISDN signaling user
part (ISUP). It is called B-ISUP specified by the ITU-
T. This scheme uses static routing tables, which are
maintained in each node. One can say that PNNI is a
sort of plug-and-play scheme, while the B-ISUP
gives the network operator full control over the rout-
ing.

2.3 Methodologies

Common to all routing methods is the problem of
finding the shortest paths. We do not use the strict
definition of shortest path, as meaning the physical
shortest path. We use shortest path in the meaning
that it is the one with the lowest delay, which often is
the path traversing the least number of nodes. The
number of physical links traversed is denoted by
hops. Here we only consider point to point routing.
(Point to multipoint routing is important in broadcast
situations.) One way to find the shortest paths is to
use a distributed algorithm that requires information
on the immediate neighbours only. Another algo-
rithm used requires a complete knowledge of the net-
work topology at decision places. Due to the time
required to propagate update messages on the current
status of resources, these algorithms are subjected to
the routing table looping problem which can cause
significant performance degradation if a burst of cells
may be forced to loop in the network.

The most commonly used algorithms are the Bell-
man-Ford algorithm, Dijkstra’s algorithm, and the
Floyd-Warshall algorithm. See [15].

The Bellman-Ford Algorithm.This algorithm iter-
ates on the number of hops in a route. It is based on
first finding optimal routes from a prescribed source
node to all other nodes (subject to the constraint that
no route contains more than one hop), then finding
the optimal routes subject to the constraint that no
route contains more than two hops, and so forth. The

amount of computation is at worstO(n3).

Dijkstra’s Algorithm.This algorithm iterates on
the length of a route. The general idea is to find the
shortest routes in order of increasing route length. It

first find the shortest route from some node to th
destination node and establishes this route. It th
finds the next shortest route and establishes it, and
forth. The number of computation in the worst case

O(n2).

The Floyd-Warshall Algorithm.This algorithm
iterates on nodes allowed as intermediate nodes
routes. It compares shortest routes between all pa
of nodes. The Floyd-Warshall algorithm is used
some networks with centralized routing. The comp

tation is ofO(n3).

Besides the shortest paths, other routing co
straints are: Correctness, Simplicity, Robustness, S
bility, Fairness, and Reliability.

Correctness, Robustness, Stability

Fairness considers equal or at least constrained l
probabilities among all connections. Reliabilit
involves problems of how to distribute traffic in cas
of using path diversity.

When a new call arrives a check is made to s
whether there is enough capacity left on the preferr
path or not. If there is none left, other paths can b
tested. This is calledalternative routing or overflow
routing. The other paths can be built using a via no
to the destination or having optional VPCs betwee
each node pair. When using several concatena
paths, it is important to reserve capacity for dire
traffic which is using the segment as a preferred pa
because alternative routed traffic in most cases u
more network resources due to the use of more lin
The reservation for direct traffic also increases stab
ity in high traffic load situations.

In fixed path routing a set of routing tables is
determined at a central control point and distribute
to every node in the network. Overflow traffic is han
dled with alternative routing. In ATM networks the
constantly changing traffic characteristics of applic
tions may make this strategy unsuitable.

Saturation routing is a call set-up procedure
developed to operate in circuit switched network
Upon receiving a new connection request, a no
broadcasts the request to all its neighbours. Th
approach is simple, robust, flexible and reliable sin
its performance is not affected by topology change
but the network nodes have to process and transm
large amount of control messages [12].

The selection of a path withstochastic learning
automata-based routingfrom source to destination
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is done probabilistically, where the probabilities
assigned to paths depend on the network state.
Choosing a path probabilistically is an attempt to
minimize the effect of uncertainty in decision mak-
ing. In the case of a favourable outcome, the proba-
bility is increased inversely proportional to how
small the cost was and how small the probability was.
If the outcome is not a favourable one, then the prob-
ability is decreased directly proportional to both how
large the cost and the probability were. In practice,
this scheme can lead the network to a global-opti-
mum operation. However, it may take considerable
time to reach the steady state (if it exists) and by the
time the automaton reaches the steady state, the net-
work state may change significantly enough that the
procedure may start seeking a new steady state.

Several methods ofdynamic routing have been
developed by different companies. These methods
are variations of the overflow routing. Among the
various schemes are the dynamic alternative routing
(DAR) [13], the dynamic non-hierarchical routing
(DNHR), the state- and time-dependent routing
(STR), and the real-time network routing (RTNR).
DAR works as follows. If the first choice of VPC
(often the direct VPC) does not have room for an
arriving call, a two-VPC rerouting is tried. If this
does not succeed, the call is rejected and a new tran-
sit node is selected (at random) for the next time a
call needs to be rerouted. Common to all techniques
is that the sequence to search the VPCs for free
capacity can be reordered, either by a network man-
agement center or locally. This can be done a couple
of times a day or several times a minute.

3. Effective Bandwidth

In ATM the quality of service (QoS) is important.
This means supporting connections with a guaran-
teed service. When a connection is established, a sort
of contract is signed which guarantees a certain QoS
for the connection. However, the traffic must behave
according to the specified source traffic descriptors.

In ATM networks, the QoS measures related to
traffic can be divided into two categories [34]: con-
nection level and cell level. Examples of cell level
QoS measures are the cell loss ratio, cell delay, and
cell delay variation (jitter). At the connection level
are the connection loss probability and delay of the
connection setup. This is also referred to as the grade
of service (GoS). In connection level dimensioning,
the number of VCCs is determined such that it satis-
fies the VCC loss probability for a given offered load.
In STM networks, the necessary bandwidth is pro-
portional to the number of trunk circuits. In ATM
networks, the necessary bandwidth is a complicated

function of the number of VCs, the traffic characte
istics, and the QoSs at the cell level. The necess
VP bandwidth is not a linear function of the numbe
of VCs in the VP. That is why cell-level dimension
ing is needed to obtain VP bandwidth and outp
buffer size of a switching node. In the case of heter
geneous traffic classes with different traffic descri
tors and QoS, the dimensioning must be done w
iterations to obtain dimensionings that satisfy bo
the cell- and connection-levels. If the call arrivals a
Poissonian the Erlang B-formula can be used and
notion of effective bandwidth has been suggested
be used at the cell-level [14,15].

We will now talk about the resources needed
uphold a certain QoS. A cell requires transmissio
bandwidth when sent on a link. When there is com
petition for output resources in a network node, it
necessary to have buffering. For a source transmitt
at constant bit rate, the allocation of transmissio
bandwidth is straightforward. (For traditional tele
phone calls having constant bit rate the demand is
kbps.) However, in packet switched networks whe
the source is bursty, buffering of the cells is neede
Determining the needed resources is a proble
which has got many researchers’ attention. The ne
ed capacity is referred to as the effective bandwid
or equivalent capacity [14,15]. The number of VCC
on a VPC depends on its capacity, the buffer spa
for statistical multiplexing of cells and bursts, an
service requirements such as loss, delay and jitter
the type of traffic or class of service (CoS) in que
tion. All this is handled with the use of effective
bandwidth.

A function that needs to know the effective band
width, is the call admission control (CAC). The CAC
has to decide whether or not to accept a new conn
tion, without degrading the performance of existin
connections. The problem is to accept not too ma
and not too few. To calculate the effective bandwid
it uses several parameters. Firstly, the wanted Q
must be given and secondly, the behaviour of the tr
fic has to be given by the user parameters, for exa
ple by:

• peak cell rate
• average cell rate
• burstiness

When using different kinds of multiplexing (on
the cell- and call-level) the total capacity needed
obtain a certain QoS, is reduced. Different types
services transmit data at rates that change over tim
Looking at capacity as the size of a buffer in a nod
these different types of traffic need different amou
of buffer space to store traffic bursts. The buffe
space needed also depends on the switch archi



-

d
s-
-
n

-
-

s.
-

s
e
ted
d

oo
ll
l-
t
e

ed
t
se
On
for
a-
a
p-
he
p-

se

e-
ture, which means that the CAC algorithm is vendo
specific.

Having calculated the effective bandwidth for
particular CoS, the CAC can determine if enough c
pacity exists according to the number of connection
buffer space, etc.

If no VPCs were used the connection establis
ment function would have to build a connection lin
by link, increasing the setup time and the number
control messages. However, this would keep t
number of blocked calls to a minimum, if there is
proper capacity reservation for direct traffics. The
exists an important trade-off between low VPC ho
count (links to traverse),i.e. physically longer VPCs
for VCCs which decrease the setup delay, and the u
of physically shorter VPCs which increase the mult
plexing gain (shorter ones can aggregate more traffi
that passes through the links). By the use of VPCs
which capacity has been reserved, the CAC kno
locally if a new connection can be established.

Having several VPC networks each supportin
one CoS simplifies statistical multiplexing and QoS
This is also referred to as traffic segregation. The u
of several CoS can be handled by a scheme like
one in [16] which guarantees their GoS.

4. Link Allocation

It is desirable to define more than one VPC to pr
vide connections between nodes, mainly for reliab
ity purposes. Link allocation involves the same ste
as routing,i.e.first find the feasible links and then the
link which maximizes the revenue.

Examples of possible schemes that can be used
select a VPC from a set with similar attribute
(number of hops, total propagation delay,etc.) [17]
are:

• Maximum bandwidth unused (MaxBUN). A new
connection is allocated to the VPC having mo
unused bandwidth.

• Minimum bandwidth unused (MinBUN). A new
connection is allocated to the VPC that has a mi
imum of needed bandwidth left.
Figure 1:Control messages needed
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• First in, first allocated (FIFA). A new connection
is allocated to an arbitrary VPC that can accom
modate the connection.

MaxBUN is used in traditional networks. Using
MinBUN, the VPC chosen will be highly utilized but
it will still be able to deliver its requested GoS an
QoS. Doing so would utilize a VPC as much as po
sible while leaving big chunks of bandwidth availa
ble for future connections with higher demand o
bandwidth.

The big differences are: MinBUN favours connec
tions with larger bandwidth requirements over con
nections with smaller bandwidth requirement
MaxBUN favours connections with smaller band
width requirements more than MinBUN favour
larger bandwidth requirements. FIFA favours no typ
but causes more connection requests to be rejec
for low bandwidth connections than MaxBUN, an
compared to MinBUN it rejects more of the high
bandwidth connections.

5. VPC Capacity Management

The use of VPCs has several benefits but using t
many VPCs on a link each having a relatively sma
amount of capacity, will decrease the statistical mu
tiplexing gain. More important is the possibility tha
some VPCs can be fully utilized while others hav
large amount of idle bandwidth.

Using frequent rearrangements of the allocat
bandwidth, will better utilize the traffic changes, bu
will also increase the processing load and increa
the number of control messages needed for this.
the other hand, if the rearrangements are fixed
long periods of time, the flexibility decreases and c
pacity might be unutilized. We have tried to make
trade-off between these two, getting the optimal u
dating period. The dimensioning is dependent on t
specific time scale, and has to be tailored for the u
dating period.

The management functions in the evaluations u
statistical multiplexing of VCCs and deterministic
multiplexing for the VPCs,i.e. each VPC gets a cer-
tain portion of the capacity to be held over a long p
 for determining VPC capacity reallocation.

) Distributed (c) Local, Fixed
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riod of time compared to interarrival times of new
connections. (Statistical multiplexing can be used f
VPCs, which can be allowed to exceed their assign
capacity, as long as they conform to some statistic
ly defined parameters.)

The evaluated approaches are fundamentally d
ferent in the way they work. As seen in Fig. 1 ther
are basically three ways for getting the informatio
needed to determine the capacity reallocation. T
fixed approach do not alter the capacity allocation
all. In this evaluation only the central approach us
global information,i.e. none of the others have a to
pology database or global traffic demand inform
tion. The capacity is managed in bundles or capac
units (c.u.), to decrease the computation effort for t
central and distributed approaches. (In reality th
might be the only way to reallocate the capacity.)

5.1 A Central Approach

There are many central approaches but they dif
in the objectives, constraints, and assumptions [
For simplicity we have only evaluated one approa
developed by Arvidsson. It is described in [3,4] an
used in a simplified manner, but still with the sam
algorithm. For a complete description we basical
repeat the formulation in [3].

In this method all nodes monitor the offered tra
fics and report their results to a network manageme
center (NMC). The NMC computes an updated VP
network capacity allocation and returns the results
the nodes for implementation.

The algorithm is a heuristic one so no guarant
that the final solution is a global optimum can b
made. However, since the state is always chang
this is not a drawback in practice, and compared
other algorithms it shows at least as good perform
ance since many of the other algorithms use fix
sets of paths.

The formulated problem is a capacity non-linea
integer-value multi commodity flow problem and a
such is NP-complete [30].

The approach uses the following steps when fin
ing the paths and determines the capacity allocat
to the VPCs (s= class of service, abbreviated as Co
o = originating node,d = destination node)

1) Read the tables that provide the relationships be
tween capacities, expressed as units of capacit
and number of VCCs.

2) Read link capacitiesCo,dand offered trafficsAs,o,d
(expressed as Erlangs).

3) Assign high, initially acceptable call loss levels
(s,o,d) for all CoSs and all OD-pairso,d.

4) Find the shortest paths, if any, along which any
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s,o,d-traffics can be granted more capacity.

5) Identify alls,o,d-traffics that suffer from loss lev-
els above (s,o,d) and for which a path is availa-
ble.

a) If least one such traffic is found, proceed to 6.

b) If no such traffic is found because all (s,o,d) are
ultimately acceptable or because no more capa
ity can be supplied to trafficss,o,dstill suffering
from unacceptable loss, then stop.

c) Otherwise lower (s,o,d) and repeat step 5.

6) Allocate one unit of capacity to eachs,o,d-traffic
identified above along their shortest paths respe
tively.

7) If the capacity allocated on each link is within th
physical bounds, then repeat from step 4, else:

a) For eachs,o,d-traffic, compute the lossL paid if
the currently allocated unit of capacity was re-
moved.

b) For eachs,o,d-traffic, compute the relative gain
G if the currently allocated unit of capacity was
removed.

c) Find the trafficsmax, omax, dmax with the highest
gain/loss ratio.

d) Remove the unit of capacity currently allocated
to trafficsmax, omax, dmax and repeat step 7.

Available capacity is successively distribute
among VPCs in the order of need and so that a mi
mum amount of capacity is used in each step. In t
case of overallocation capacity is removed so th
conflicts can be resolved at a minimum overall los
The algorithm terminates when for every VPC eithe
(i) a final, predetermined, desirable loss level h
been reached or (ii ) no more capacity is available to
VPCs which still suffer from high losses.

The tables in step 1 give, for each CoS respectiv
ly, the number of simultaneous connections that c
be handled byi, i = 1,2..., units of capacity,i.e. the
equivalent number of channels (ENCs). The ENC is
not a sum of equivalent bandwidths but the ban
width needed to support a particular number of co
nections, to satisfy a particular QoS. In other word
multiplexing on burst scale is taken into account. Th
tables are computed from traffic characteristics, G
demands, buffer space and given target blocki
probability.

The initial loss level in step 3 is set to 99%. It i
then successively reduced in step 5c by dividing b
1.1 until at 5b the ultimately acceptable level of 1%
reached.

Shortest paths in step 4 are determined using

ε
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ε
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Floyd-Warshall algorithm, with the lengthl associat-
ed to link o,d designed to avoid nodes subject to
heavy load and links with little remaining capacity:

where is the total, remaining number of capacity
units required by traffics originating from or termi-
nating atn to fulfil our ultimately acceptable block-
ing level, is a very small number (we have used
= 10-9), and denotes the remaining, not yet as-
signed capacity on linko,d. Finally, realising that
equation (1) may favour a series of very high capaci-
ty links to direct ones of lower capacity, paths are
“flattened” to remove such anomalies.

Traffic selection in step 5 aims at keeping varia-
tions in grade of service between OD-pairs to a mini-
mum. Noting that this can reduce the total traffic
carried by the network, we give slightly preferential
treatment to traffics carried on shorter paths by relat-
ing the current loss to the requested capacity and ob-
tain a modified loss on which the need
for further capacity is assessed

,

whereEm(A) is the Erlang B-formula,A the offered
traffic, m the number of channels currently available,
andh is the number of links included in the proposed,
shortest path fromo to d. In other words, we compute
lossesEm(A), which are modified to , and
then compared to . Allowing for non-linear
equivalent bandwidths, we sum circuits rather than
bandwidths and compute the number of circuits for
each route of the OD-pair individually, by means of
the tables referred to in step 1, and then sum to getm.

Ls,o,d in step 7a is thes,o,d-traffic that the most
recently added unit of capacity to VPCs,o,d is ex-
pected to carry

Ls,o,d = ,

wherem andm’ respectively refer to the number of
channels currently available and what would be
available if the most recent added unit of capacity
was removed. Again,m and m’ are determined by
summing the values for each physical route.

Gs,o,d in step 7b is the sum of all losses that can
be avoided at the same point if traffics,o,dwas se-
lected to lose its most recently added c.u.

Gs,o,d = ,

where and is the set of links
traversed by the shortest path fors,o,dand I(•) is an
indicator function taking the value of 1 if its argu
ment is true, otherwise 0.

The method aims at distributing the available c
pacity among traffics and OD-pairs in a fair way, ye
so that the total carried traffic is maximised. Unlik
methods based on mathematical programming, t
algorithm will remain stable and converge at th
same speed for a wide range of non-linearities a
discontinuities and irrespective of the ways in whic
routes for VPs are chosen. This and further impl
mentation features are described in [3,4].

5.2 A Distributed Approach

An approach which is a compromise in th
amount of information needed for the VPC manag
ment is a distributed one. Because of the scarce
pearance of distributed approaches in the literatu
we have developed one. (A central approach can
distributed to all of the nodes, as in [5], but we do no
define it as a distributed approach.)

The greatest advantage of this approach is the w
it periodically tunes into a good network capacity a
location, by an iterative method which distributes in
formation about the offered traffics among the VPC
The algorithm does not get more complex for big ne
works, which makes it useful for many different ne
work sizes.

A flow chart of our approach is shown in Fig. 2. In
state 0, the paths are established by broadcas
messages. This is a totally distributed way of esta
lishing the VPC topology. After each iteration the ca
pacity allocation gets better. To be able to accompli
this, information on offered traffics must be distribu
ed to the other nodes (the nodes that transport th
traffics).

The management is done with help of four type
of control messages [18, 19]:

• Path finding (PATH) + Answer
• VPC Establishment
• Traffic bid (BID)
• Available Capacity (ACAP) + Answer

PATH is used for path identification by broadcas
ing it from all nodes to all other nodes (saturatio
routing). The broadcasting can be done from time
time or at command to recover from faulty links
[14,15]. In our evaluation we have used it only onc
to initiate the management system. When the pa
have been selected VPC establishment messages
sent to update the routing tables. An example of ho
this is done is shown in appendix B.

The BIDs convey originating traffic intensities to
destination nodes along the different paths. We ha

l(o,d) = ,
max δ max T′o 0,( ) max T′d 0,( )+,( )
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The first phase is periodically triggered by one of the nodes.

After allocation there might be capacity left.
Try to allocate this.

Check the allowed capacity with ACAPs.

0 VPC topology design by broadcasting.

Transmit BIDs to the destination nodes.
Calculate new

Offered traffics are estimated & first traffic BIDs are calculated.

Mark the

traffic bids.

bottleneck-links.
(Logical capacity allocation)

(Capacity allocation)

Figure 2: The Principle of the Distributed Approach.
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Table 1:Different distributions for the first BID.

Path A B C D E

1 100 100 100 100 100

2 100 80 50 10 10

3 100 60 25 3 10

4 100 40 12 0 10

5 100 20 6 0 10
named this traffic bidding. The traffic information
sent can be viewed as bids for capacity. This will in
form the intermediate nodes about the traffic d
mands for particular VPCs. From this follows tha
the nodes only get as much information as they ne
to be able to calculate capacity allocations on t
links directly attached to it.

When new information has been received for a
VPCs on a link, the link capacity is divided in units
between the VPCs in a way that maximizes its util
zation. To be able to maximize the utilization of th
capacity, we use the concept of marginal utilizatio
(MU). TheMU is the number of extra calls the VPC
is expected to carry if allocated an extra capac
unit. The calculation ofMU is based on the Erlang B-
formula with f(C) as a function that gives the numbe
of connections for a certain capacity (given in capa
ity units) and the traffic asT:

In our evaluations we usef(C) as a linear function
which simply multiplies the capacity with 10.

BIDs are always followed by a determination o
available capacity by means of ACAPs.

ACAP messages are sent on each VPC to find o
the capacity allowed for the whole path. This mea
that VPCs get the minimum allowed capacity on th
series of links. The amount of available capacity
stored in the ACAP on successive links. When
reaches the end node, indicating the available capa
ty, an answer message is sent back to the originat
node.

Each reallocation is divided into three parts: firs
traffic bid, subsequent bids, and a capacity allocati
part. Thefirst traffic bid (see Fig. 2) is triggered by
one of the nodes thereby making all nodes transm
BIDs. The VPC with the smallest number of hops

MU Ef C( ) T( ) Ef C 1+( ) T( )–( ) T⋅=
favoured and is labelledFVPC, while the others are
referred to as optional VPCs and labelledOVPCs
[20]. The measured offered traffics are sent on t
FVPCs. Different strategies for the first bid hav
been evaluated in [20] and are given in Table 1. T
table shows the percentage of the offered traffic se
as a BID on the different paths. Path 1 is the FVP
Figure 3 shows the results for different first-bid dis
tributions. (Distribution C is shown in both rows to
simplify a comparison.) The mean blocking proba
bilities (for different number of bid cycles - 2 cycles
to the left increasing to 6 cycles to the right) are giv
en for each choice of the number of paths. As seen
Fig. 3, distribution E shows the best performanc
and this one has been chosen in our study,i.e. the
OVPCs are tested for available capacity by transm
ting BIDs which are fractions (10%) of the offered
traffics.

When the available capacities are received by t
ACAP answer messages after the first traffic bids, t
OVPCs are ordered by their available capacity. T
subsequent bidsare based on the available capac
ties. If the estimated offered traffic isT, the needed
capacityC can be calculated with the Erlang B-for
mula given a specified target blocking probabilityp.
The available capacityCi can handle a certain
amount of trafficti calculated from (2),i.e. using the
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Figure 3: Results for different first BID distributions.
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Erlang B-formula “backwards.” The indexi specifies
the path (for FVPCs the indexi is equal to 1), and in
our studyp is set to 1%.

If the total amount of allowed capacity is greater
or equal toC, only as many VPCs are used that to-
gether have enough capacity. The number of needed
VPCs is denoted byk. (k is less or equal to the
number of paths between the node pair.) The traffic
bids on these VPCs are set toti in (2).

The capacity on the last used VPCCk is modified
to:

.

The next traffic bids are now calculated from (2).
VPCs with an index greater thank will get a zero bid.

On the other hand, if the allowed capacity is not
enough, the subsequent traffic bids are set propor-
tional to thetis, summing over all VPCs that have
been given any capacity

.

Each new bid cycle means an iteration between
state 1 and 2 as indicated in Fig. 2.

When all bid cycles are done the process ofca-
pacity allocation is carried out. This corresponds to
the second iteration loop between state 2 and 3. The

purpose is to make any unused capacity available
allocation by ACAPs. This can be repeated a fe
times to enable more unused capacity to be distrib
ed to VPCs that can use it [21]. When a VPC can n
use the allowed link capacity on all of the traverse
links, the surplus is made available to those VPC
which have marked the links as their bottleneck
(Answer messages contain information to mark th
links that are bottlenecks.) The last cycle will allo
cate unused capacity to one hop VPCs (which alwa
will be able to use it, at least to some extent). An e
ample is given in appendix C.

When trying to get capacity on the links, a rese
vation must be made. This makes interference fro
other requests impossible but can result in deadlo
To avoid deadlocks the following procedure is fo
lowed. If a request message reaches a node where
next link is already reserved, a message will be se
back to the node of origin releasing its current rese
vations. The node of origin tries again after a rando
delay. This delay has to be sufficiently long and ca
be related to the time it takes to complete the capac
allocation for a VPC.

We try to optimize the total amount of handled
traffic in the network. When distributing the capacit
of one link, the effects on the other links should b
taken into account. The benefit, in terms of total ha
dled traffic, of having one two-hop VPC is less tha
two one-hop VPCs. This means that longer VPCs (
terms of hops) must have less priority in the distribu
tion process than shorter ones. This has been imp
mented by dividing theMU by a cost parameter.

ti : ECi
ti( ) p= (2)

Ck C Cn
n 1=

k 1–

∑
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Figure 4:MU cost parameter for OVPCs.
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To better understand the problem and to get t
value of the cost parameter, we have done an anal
cal study of a path with direct link VPCs and on
multi-link VPC traversing all links (named alterna
tive path) [20].

Figure 4 shows the absolute value of the diffe
ence between the optimal capacity and the allow
capacity from our approach when theMU is divided
by different cost parameters. The results shown a
averages over a set of traffic mixes for the two VPC

It is seen that the cost parameter appears to be
number of traversed links (Fig. 4) and we have se
that the optimal OVPC cost does not depend on t
traffic variations, nor on the link capacity.

We have seen that the same capacity allocation
found by maximizing the modifiedMU as when min-
imizing the total number of blocked calls [18]. We
have also evaluated more complex networks and se
that the choice of cost parameter remains the sam

Even if we do not penalize long VPCs, these wi
find it difficult to get capacity on all of the traversed
links, compared to shorter VPCs. This indicates th
shorter VPCs should be penalized more than lo
ones, to increase the fairness. A similar considerati
can be made to give many hop VPCs the same pos
bility to get an OVPC. A trade-off must be made be
tween the optimal network utilization (using the cos
parameter) and the fairness. By restricting the co
parameter for a long OVPC, this will get both a bette
possibility to get capacity, and the use of it will in
crease the possibility to avoid a congested part of t
network (busy center).

5.3 A Local Approach

The concept of virtual path was simultaneous
introduced by Satoet al. [22] and by Telecom Aus-
tralia researchers. Satoet al. change the capacity in
steps. These steps correspond to the capacity nee
for an integral number of connections, which i
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called the step size. In [23], the authors argue that t
optimal step size can be obtained by considering a
lationship between the network utilization and th
processing load required in the nodes. Since the
proach is triggered at each call arrival and call r
lease, the cost related to an increased processing l
has to be related to the revenue. The so called n
malized processing load is the number of realloc
tions divided with the number of call arrivals and
departures. This measure is used to constrain the
tual reallocations. Doing a reallocation at each ca
arrival or departure is too expensive.

If more capacity is needed a fixed step of in
creased capacity is requested. If less capacity is ne
ed, i.e. the needed capacity is less than a capac
threshold below the allocated capacity, the capacity
decreased. To equalize the differences in call bloc
ing probability among the different VPCs, capacit
increase is done in different steps for the differe
VPCs, dependent on their traffic intensities. To pr
vide flexibility for the increase and decrease of th
capacity, Wuet al. [24] proposed an adaptive band
width control scheme that selects either a large st
size or a small step size. This scheme is capable
improving the network utilization compared to th
scheme with an optimal chosen fixed step size.

In the methods described, the bandwidth increa
is requested when the capacity is found to be insu
cient. A look-ahead method has also been explored
[25]. In this method, the increase is requested in a
vance when the unused capacity of the VPC becom
smaller than some predetermined amount. Babaet al.
show that an improvement in terms of call blockin
probability can be achieved using this method. Bru
et al.have in [26] evaluated an approach that has p
riodic updating intervals, and meets a certain ca
blocking constraint. They find the optimal step siz
the optimal updating interval, and threshold for th
capacity reallocation. The threshold introduces a hy
teresis to decrease the number of reallocations. T
results show that no threshold is needed and that
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step size should be 1,i.e. the most accurate allocation
possible.

Our local approach is implemented as follows. A
periodic management procedure is used in each node
(Fig. 5).

Each node makes a decision about whether to
seize or release capacity on the VPCs originating
from that node. This is done at regular intervals (of
length Tu). This removes the dependence between
processing load and the capacity reallocation, as de-
scribed above. The decision is based on the actual
number of occupied connections on each VPC. From
a precalculated table or a function the needed capaci-
ty for the next interval is given by the current number
of active calls and the estimated traffic arrival intensi-
ty. The approach uses a look-ahead scheme. Alloca-
tion is done in such a way that the expected time
average of the blocking probability in the interval
will be less than a predefined limit (1% in our study).

This approach is based on the one developed by
Mocci et al. [27]. The method allocates just enough
VPC capacity to meet the target blocking constraints
during a given interval from the allocation instant.
This calls for the calculation of the average blocking
probability over a finite time interval of a system in a
transient state. The time dependent state probabilities
are determined from the Markov chain in Fig. 6. New
calls arrives with an intensity of to a loss system
containingN ENCs. The call holding times are expo-
nentially distributed with unit mean.

The problem is to find the ,i.e. the proba-
bility to be in statei at time t with the initial condi-
tions  and  fori  n.

The average blocking probability in the next inter
val with the actual occupancy ofn trunks is

We try to find theN for which b(n) is less than the
target blocking. The system equations is describ
with a vector equation: . One way to
solve it is with the aid of the eigenvectors ofA, as in
[27].

The calculation can be simplified by the metho
of Virtamo and Aalto [28]. They have done a compu
tation of the finite system with the help of an infinite
system as seen in Fig. 7. This can be done by add
an external sources(t), injecting probability mass to
stateN+1 in such a way that the probability ofN+1
keeps a fixed relation to that of stateN in order to
guarantee zero net flow of probability between the
states.

By calculating (3) for different traffics and occu
pancy states, a capacity allocation table can be bu
However, there is still a need to interpolate interm
diate values.

As already seen, the calculation is dependent
the traffic intensity, the target blocking probability
and the updating interval. In [29] a simplified alloca
tion function is presented:

whereN is the required capacity,n is the number of
currently active calls, and the factorK depends on the
target blocking probability , updating intervalTu,
and the actual occupancy staten, at time zero, and the
traffic intensity . However, the has to be estima
ed. A simplification is made to makeN only depend
on n, , andTu in the following way. Let us say that
the average number of arrivals during a mean holdi
time is . Most of the time the mean occupancy ,
almost equal to with a standard deviation of
The factorK can be seen as a safety factor whic
adds extra capacity in units of the standard deviati
of the occupation state. If the allocation function

Compare
Too littleToo much

Decrease
VPC capacity

Try to increase
VPC capacity.OK

Determine

Figure 5: The principle of the local approach.
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Figure 6: Markov chain for the occupancy state.
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Ṗ t( ) A P t( )⋅=

0 1 2

λ

1

λ λ

2 N (N+1)

s(t)

N N+1

λ

Figure 7: The modified Markov chain in[28].

• • •

N n( ) n K ε Tu n λ, , ,( ) n+= (4)

ε

λ λ

ε

λ n
λ n



ed
ch
ap-
n-
y
t-
ed
e-
pe-
fic
ut-
me

s.
n
s.
ns
e
f-
.
we
te
-

all
d-

h
ed
ion
go-
.
s-
bal
to

e
e
d
-

ca-

ili-
e
n-

t.
1.51.0 1.51.0

evaluated for different andK adjusted according to
n instead, the allocation function achieves a nearly
constant blocking probability over a wide range of .

The average blockingb(n), can be calculated from
the previous formulation of the problem for a given

. When having a small blocking probability the
state of occupancyn, is nearly Poisson distribution
with parameter :

.

The overall blocking probabilityB, gets:

.

For a specificTu and , the value ofK can be de-
termined for different . Once again, is replaced
with n, making (4) only depend onn, , andTu.

By using formula (4), the needed capacity is cal-
culated. The idea of this approach is to handle traffic
variations on a short time scale,i.e. larger than the
mean interarrival time but smaller than the average
call holding time.

When more capacity is needed, a capacity request
message is sent on the FVPC. If the request cannot be
satisfied, the OVPCs are tried in the order they have
been put in the routing table by the selection process.
When less bandwidth is needed capacity on OVPCs
will be released first and in the reverse search order.
When trying to get capacity on the links a reservation
must be made the same way as for the distributed ap-
proach to avoid deadlocks.
Two types of messages are needed [18]:

• Allocation request  (ALLOC) + Answer
• Deallocation  (DEC)

The capacity request message ALLOC, is sent on
the VPC to find out the capacity allowed for the
whole path. This means that a VPC will get the mini-
mum allowed capacity on the series of links. The
amount of available capacity is stored in the ALLOC
on successive links. When it reaches the end node,
indicating the available capacity, an answer message
is sent back to the originating node. (ALLOC is in
fact the same message as ACAP in the distributed ap-
proach.)

When an originating node determines that capaci-
ty should be released, a DEC is sent. The capacity
reservation is decreased on each traversed link. No
answer message has been used for this message.

6. Comparisons

6.1 Presumptions

We have compared the three previously describ
approaches together with a fixed approach whi
does not reallocate the VPC capacities, and an
proach which do not use VPCs but establishes co
nections call-by-call and hop-by-hop. In our stud
we have used fully connected non-hierarchical ne
works with ten nodes. The traffics used are describ
in appendix A. All approaches use several VPCs b
tween each node pair. The reallocations are done
riodically and they use the same networks and traf
patterns (see appendix A). The central and distrib
ed approaches use the same updating interval (6 ti
units).

The equivalent bandwidth is used in our studie
However, we do not consider a multiplexing effect i
the cell-scale for different numbers of connection
We have used Poissonian call arrivals which mea
that the statistical multiplexing gain in the call-scal
can be determined by the Erlang B-formula. The o
fered traffics are estimated by arrival counting [3,4]
For the central, distributed, and local approaches
have used a capacity unit which can accommoda
ten connections. For the sake of simplicity, we re
strict ourselves to one CoS having a unity mean c
holding time. However, the results are readily exten
ed to multi-service networks.

We have used dynamic alternative routing wit
two VPCs in series. Two control messages are us
to determine the status of the transit nodes (quest
+ answer). The central approach uses a special al
rithm for global optimization of trunk reservation
This algorithm can not be used by the local and di
tributed ones, since they do not have access to glo
information. Instead they reserve one capacity unit
direct traffic (one-hop VPCs).

The local and central approach try to maximiz
the network’s unused capacity without violating th
predefined blocking probability, while the distribute
approach utilizes all of the capacity. The fixed ap
proach only uses the FVPCs, and the capacity allo
tion remains constant.

6.2 Profit

Our evaluation is based on the reached profitab
ty (5). The profitability is a normalised measur
where 100% profitability means that all calls are ha
dled without any overhead costs.

The profit of handling one call is set to one uni
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Profitability = (5)
CallsHandled - (Messages · Cost)

CallsOffered
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However, to be able to handle calls, several contr
messages have to be used and these affect the t
profit. Let us say we use RM-cells which need som
of the bandwidth which becomes unavailable for pa
ing customers. The cost can be related to an aver
phone call. Suppose that a phone call uses 167 ce
second, then the RM cell could be given a cost of
(167·seconds per mean holding time) which is ~10-4.
This cost might be too optimistic because there a
also costs other than the ones related to bandwid
These are difficult to estimate. By using a highe
message cost, the messages can be seen as havin
overhead,e.g.standardized control messages such
TMN messages.

The profitability is used to enable a reasonab
evaluation of the overall performance by combinin
gains and costs.

For the distributed approach we have evaluat
modifications of the use of the cost parameters. Ev
if the utilization is maximized when using the cos
parameters, we have decided not to penalize
FVPCs and we have modified the cost parameters
the OVPCs (i.e. the number of hops) by subtracting
the number of hops of the FVPC and added one. F
example, given a FVPC with 2 hops and an OVP
with four hops, the cost parameter for the OVPC
changed from four to three (4 - 2 + 1 = 3). If they
have the same length (in number of hops) they will b
equally treated. This is done in an attempt to increa
the fairness. However, we have seen that the netw
utilization will decrease slightly.

6.3 Link Violations

Another interesting aspect is the occasional occu
rence of link violations (Fig. 8).

These are caused by excess calls on VPCs wh
have been granted less capacity and that are not
connected in time before new calls arrive on VPC
which have been granted more capacity after a real
cation. There are three ways to deal with this. On
way is to move ongoing connections to a path th
can accommodate them. Another way is to wait fo
the connections to finish until the capacity is re
leased. The third way is to use “guard bands” whic
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Figure 9:Signals vs. blocking.
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(a) Number of messages(b) Mean total blocking
will not be allocated to any particular VPC. By this
one hopes that there will be enough bandwidth
deal with over allocations. We have used guard ban
of one extra capacity unit on each link. (A better d
mensioning is possible.) The amount of link viola
tions depends not only on the guard band, but also
the actual network and traffics [18].

6.4 Results

Our comparison is based on the fraction of profi
ability reached (5), the link violations per time unit
the mean total network blocking probability, and
measure of the maximal VP blocking.

Figure 9 shows how the total mean networ
blocking decreases as the number of control mess
es increases for the distributed approach. Figure
shows two different costs for control messages a
their impact on the total profit. As seen in Figs. 9 an
10 the number of OVPCs and BIDs to use depen
on the actual message cost. This implies that we ne
to make evaluations for different message costs.
doing this we also try to use a decent setting of p
rameters for the different approaches.

The distributed approach is evaluated for two ca
es, labelled distributed 1 and 2 with the settings giv
in Table 2. The local approach is evaluated for tw
different updating intervals (Tu) as given in Table 3.

Figure 8: An example of a violated link.
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Figure 11: Comparison with high traffic imbalance for different total traffic loads.

(a) Profitability, mean maximal blocking, and violations

(b) Number of messages

High message cost

Low message cost

High message cost

High message cost

Low message cost

= Central
= Distributed
= Local
= Fixed

* *
+ +

= No VPCs
(Both approaches use case 1 for high message c
and case 2 for the low message cost, as seen in the
bles.)

Figure 11 shows the performance with high traffi
imbalance (20-60% change of the mean traffics, s
appendix A). All diagrams but one show results for
low message cost (10-4).

The comparison was made to see what kind
characteristics distinguish the approaches, not to
termine the best one. Therefore, none of the a
proaches has been optimized regarding the updat
interval or any other special method used individua
ly. The parameter settings for each approach has b
set with this in mind. Table 4 shows the main chara
teristics of the different approaches.

Table 1:Parameter settings - Distributed approach.

Case
OVPCs BIDs ACAPs Message

cost

Distr. 1 0 1 1 10-1

Distr. 2 2 4 4 10-4

Table 2:Parameter settings - Local approach.

Case OVPCs Tu Message cost

Local 1 2 0.1 10-1

Local 2 2 0.01 10-4
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Profitability

It can be seen in Fig. 11a that all approaches ha
very similar profitabilities. The central approac
shows the best profitability when the traffic load
less or equal to the nominal traffic load. For the ho
by-hop routing the profitability is actually greate
than the central approach when the message cos
low, but decrease rapidly when the traffic load in
creases.

The function for capacity allocation for the loca
approach is not designed for the shortTu in the case
of having a low message cost. (This can be seen
comparing the fraction of wanted profit. Looking a
the curve for high message cost, the target blocki
of 1% is kept at low traffic load.) An allocation func-
tion should be designed for a very small blockin
probability to give more profit for a small traffic load
A problem with this approach is the inability to adap
to an overall low traffic load which in turn forces the
average blocking to the predefined limit. Figure 1
shows the results when no guard band is used for
local approach. If a guard band is used, the profit g
slightly worse because the guard band can not be
lized as ordinary capacity. However, the local a
proach can easily avoid all link violations, and thu
we have not used this feature here.

The fixed approach shows good performance f
low and moderate traffic imbalance. For high traffi
imbalance (when some links are heavily overloade
the fixed allocation is not as good as the other a
proaches. The main reason for the good performan
is that no guard band is used,i.e. more capacity is
available.

The use of a guard band will decrease the numb
of link violations but the profitability will also de-
crease. The use of DAR will always increase th
profitability. How the guard band and the DAR ef
fects the profitability, link violationsetc.can be seen
in Table 5. Here the distributed approach is used in
case with basic traffic load. (Guard. = Guard band,
= mean call loss probability [%], Max bl. = Mean
max VPC bl. [%], Vio. = Link violations per t.u.,
Profit. = Profitability.)

Table 5:DAR and guard band effects.

Guard. DAR bl. Max bl. Vio. Profit.

No Yes 1.7 4.9 1.50 98.26

Yes Yes 2.1 6.2 0.12 97.91

No No 2.7 7.5 0.73 97.28

Yes No 3.2 9.1 0.01 96.77
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Link Violations

The behaviour of the link violations is quite dif-
ferent for each approach.

For the central approach the large number of lin
violations is a clear drawback.

For the distributed approach the number of lin
violations starts to increase when the traffic load b
comes heavier because the capacity will be more u
lized. The number of violations is about the sam
when having only the FVPC as when having sever
VPCs. It is possible to reduce the violations by in
creasing the trunk reservations from one to two c
pacity units.

The local approach does not need a guard ba
Since we do not use the control that avoids the ove
allocation, the link violations will increase and th
maximal VPC blocking will increase slightly, but the
link violations will still be less when compared to the
central approach. It can be seen that the link viol
tions increase when OVPCs are used, but decre
when the traffic load increases because the capa
assigned to the VPCs will freeze when all VPCs wa
more capacity. There will still be violations for high
traffic loads as there are major shifts in the traffic pa
tern.

The fixed approach and hop-by-hop routing do
not suffer from link violations. For the fixed ap-
proach the capacity allocations are kept fixed. Th
means that it does not need a guard band, thus giv
more capacity available for this approach. Due to t
lack of flexibility, the mean busy hours traffics hav
to be measured and proper capacity allocation do
once and for all off line.

Control Messages

The central approach uses a minimal amount
control messages. (Roughly 40 messages per upda
It calculates a nearly optimal trunk reservation fo
each link which in fact reserves more capacity for d
rect traffic than the other approaches. Increasing
trunk reservation from one to two capacity units o
each link, the number of alternative routed calls d
creases and the profitability drops somewhat.

In the distributed approach the number of altern
tively routed calls is relatively high because the allo
cations do not become as efficient as in the central
local approach. If the trunk reservation is increas
from one to two capacity units, the number of alte
native routed calls is reduced to the same level as
the central approach, but the profitability decrease
little.

The local approach sends less control messa
when the traffic load is high because there will b



as
d us
or
ros
of
f
.
ng
n-
nt
d

ity
-
t-

gh
to

Table 4:Main characteristics of the different approaches.

Approach Pros Cons

Central • Moderate amount of control
messages.

• Able to change the VPC topology.
(Using group-VPCs)

• Many link violations.

• NMC is needed.

• Large networks increase the complexity
of the calculations.

Distributed • Simplified calculation of capacity
allocation by the use of iterations.

• NMC not involved.

• Link violations.

• High number of control messages.

• Computation power at each node needed.

Local • Can be made simple.

• Can avoid link violations.

• Inability to detect low total traffic load.

Fixed • OK for moderate traffic imbalance.

• No link violations or control
messages.

• Lack of flexibility.
• NMC involved.
less deallocations and more unsuccessful allocatio
The amount of alternatively routed calls is low, be
cause the probability of having enough capacity o
the direct VPCs is high for this approach. This can b
explained by the packing of the capacity on th
FVPCs which means that capacity on OVPCs is mi
imized,i.e. making better use of the resources.

The fixed approach does not use any control me
sages, except the messages for alternative routing

For the hop-by-hop routing connection establis
ment is done for each call along the shortest pa
This gives about 7000 signals/t.u for the lowest traffi
load situation in the figures which decreases the pr
itability very much as seen in Fig. 11a.

6.5 Conclusions of the Comparisons

The central approach has the ability to find ne
paths and to order them in an optimal way. It can al
determine the loads on different links.

The distributed approach uses simplified calcul
tions, and the local approach uses only local inform
To
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Figure 12: An exampl
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tion to adjust the capacity allocation for the VPCs.
The development of a distributed approach h

filled a gap among the approaches and has enable
to compare fundamentally different approaches f
VPC capacity management and to evaluate the p
and cons of each approach (Table 4). By means
marginal utility, this approach can give hints o
where additional capacity is needed in the network

It seems as if the local approach is an interesti
alternative to the otherwise so frequently studied ce
tral approaches. However, they may also compleme
each other. The central one has the ability to fin
VPCs and order them (i.e. which is to be used as a
FVPC) and the local one can fine-tune the capac
allocation and easily avoid link violations. The pa
rameterK can be adjusted to the special link load si
uations on different paths.

As seen in Fig. 11a the local approach shows hi
profitability. The next step has therefore been
make further studies of this approach [35].
Time

e of a reallocation sequence.

Unused capacity
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(a) Five VPCs. Capacity = 740.

Figure 13: Multiplexing gain for different number of VPCs on a link.

Tu = 0.01

Tu = 0.10

Tu = 0.01

Tu = 0.10

(b) Ten VPCs. Capacity = 1480.
7. Further Development of a Local Approach

The used allocation formula (6) does not tak
into account the interaction between several VPC
using the same link. If the VPCs on a link gets capa
ity that gives 1% blocking and using the formula:

the total call blocking will keep the 1% blocking
even if less blocking can be obtained (as seen in t
upper left diagram in Fig. 11a). If a largerK is used,
the blocking will actually decrease. This will bette
exploit the traffic fluctuations,i.e. when some VPCs
temporary increase their number of allocations, ot
ers decrease theirs. Figure 12 shows a reallocation
quence in principle, when having four VPCs on
link. The problem is how to decrease the amount
unused capacity in the best way.

Another complication isK’s dependence on the
updating interval. The updating intervalTu determine
the rate at which new decisions regarding allocatio
can be made. The optimal choice ofTu is determined
by the trade off between increased traffic (which pa
ly depends onK) and the overhead associated wit
updating. Capacity should be allocated only when a
tually needed; allocating too much will lead to unde
utilization and allocating too little will lead to exces
sive blocking.

The local approach multiplexes VPCs in a speci
way. Considering a deterministic multiplexing of th
VPCs, the call blocking probability can be calculate
using the Erlang B-formula for each VPC. Whe
having full statistical multiplexing of all VPCs, the

,N n( ) n K n+= (6)
Table 6:Kopts for th

Tu  0.01 0.04 0.07

Kopt 0.50 0.82 1.03
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blocking probability can be calculated from the sam
formula by adding all traffics together. Since the lo
cal approach reallocates the capacity on a rather f
quent basis, the blocking probability gets lower tha
for the deterministic multiplexing, but higher than fo
the full multiplexing. (When using a sufficiently
short Tu the blocking reaches the same level as f
full multiplexing over one link.)

Clearly, frequent possibilities to change alloca
tions (smallTu) will permit smaller capacity margins
without risking excessive blocking during the inter
val andvice versa. To optimize total performance, an
optimal allocation strategy in terms ofK andTu must
thus be found.

7.1 The Allocation Function

To get an optimal allocation function the effect o
K when having many VPCs on the same link must 
studied. The problem is very complex since in a re
network the number of VPCs and their traffics var
on each link traversed by a VPC.

We label theK (for a specific traffic intensity,Tu,
and link load situation) that minimize the tota
number of blocked calls (for a specific link) asKopt.
(One could also choose aK that equalize the block-
ing among the VPCs.) To see if the number of VPC
have an impact onKopt, we have evaluated a link tha
is dimensioned so that each VPC can expect 1% lo
if deterministic multiplexing is used. Results ar
shown in Figs. 13a and b, for five and ten VPCs r
spectively. Two choices ofTu are shown. The curve
in Fig. 13a shows the mean blocking when ea
e background VPCs.

0.10 0.13 0.16  0.19

1.15 1.28 1.31 1.40
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Figure 14:Kopts for different Tu.
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(a)Tu = 0.01. (b)Tu = 0.10.
VPCs carries 130 Erlangs. The dashed lines show the
95% confidence interval and the circles show the
evaluatedKs. When more VPCs are interacting, al-
most the same or a slightly higher value ofK gives a
minimum of blocked calls as seen in Fig. 13b. (With
full multiplexing the blocking probabilities are
1.94·10-5 and 1.8·10-8 respectively.)

To simplify the problem we consider the situation
on an average link. On this link we put a mean traffic
consisting of a couple of “background-VPCs.”
In our test networks the mean number of FVPCs on a
link is about 4 and each have on the average a capac-
ity of 171. Similarly, calculating the average traffic
demands over all node pairs results in 152 Erlangs.
With this in mind, our average link consists of 4
VPCs as background traffics each carrying 152 Er-
langs.

It should be noted that FVPC traffics in reality in-
teract with OVPCs. The requests for bandwidth on
the OVPCs form some kind of overflow process since
requests only are made when requests on the FVPC
are rejected. It is also difficult to estimate the average
behaviour of these VPCs without simulating the
complete network. It is for this reason that we have

decided to ignore them in our average link.
Table 6 shows theKopts found for our average link

for various updating intervals. The exact values a
not critical because the optima are flat as indicated
Fig. 13.

7.2 The Optimal Allocation Functions

Having found theKopts for the background traffic,
we now add another VPC and studyKopts for differ-
ent traffic intensities and different updating interva
on this VPC. (Additional capacity on the link is add
ed so that, as before, deterministic multiplexin
would result in 1% loss.)

The result is displayed in Figs. 14a and b whe
Kopt is given over a range of different traffics and fo
Tu = 0.01 andTu = 0.1 respectively. The values are
given as intervals because there is no particularK for
which there is a distinct minimum of the tota
number of lost calls. As a comparison, theK values
calculated for only one VPC and a fixed target of 1%
call blocking, as described in [29], are also show
(solid lines). The straight lines obtained in the dia
grams lead to the conclusion that a fixedKopt can
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Figure 15:Profitability for different Tu.
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preferably be used for the different traffics, and a
comparison between the figures and Table 6 suggests
that we may use the values given in the table.

In the evaluation we have used highly imbalanced
traffics (see appendix A). The choice ofTu is not crit-
ical, relative to the message costs.

Figure 15 shows profitability as a function of the
updating interval for different message costs. The up-
per line is the result when having a message cost of
0.01, the lower line when having a message cost of
0.09, and the step between the message costs is 0.02.
The dotted lines are interpolated between evaluated
Ks (circles). It is immediately seen that the higher the
cost, the lower the profitability. The dashed line indi-
cates roughly the position of the optima for different
costs.

Given a certain message cost, the optimalTu is
shown in Fig. 15. For example, for a cost of 0.01 (top
curve) we findTu,opt ≈ 0.07 while for a cost of 0.05
(middle curve) we findTu,opt ≈ 0.15. This observa-
tion is in perfect agreement with the assumption that
more frequent reallocations are preferable when the
message cost is small.

Finally we wish to investigate the actual optimali-
ty of our K-value. We consider a message cost of
0.03 where, according to Fig. 15, the optimalTu,opt
lies in the interval 0.1 - 0.15. Here we chooseTu =
0.1. The correspondingK-value (which was used in
Fig. 15) is, according to Table 6, about 1.15.

Figure 16 shows the resulting profitability as a
function ofK averaged on the ten test networks. (The
profitablility and the Kopt differs among the net-
works.) The figure suggests that the actualKopt lies
approximately between 1.3 and 1.4,i.e.somewhat
higher than our model predicts. On the other hand,
the resulting difference in performance between the
two values is small. (It is noted that the alternative to
using our model with averages is to conduct full scale
simulations of a network over a range ofK andTu-
values.)

The simple model used for finding theKopt seems
sufficient.

8. Further Work

For the distributed approach it is expected that
further development of the bidding strategy and
method of ACAP iterations will increase the amount
of handled traffic, and there are still many ways to
decrease the number of management messages fur-
ther [12]. The optimal updating intervals are yet to be
calculated.

For the local approach different link load situa-
tions affects theTu. A different direction is to use
VPC-dependentKs rather than a global one. Evaluat-

ing the gains of such a finer allocation scheme and
lating them to the additional complexity also remain
an issue for further study.

The link violations can be reduced by delayin
the capacity reallocation until the number of affecte
calls reduce enough or by moving ongoing call
Having a guard band, this has to be optimized.

Statistical multiplexing is restricted to within
VPCs. One way to increase multiplexing gain is t
group VPCs together. Using the local approach the
might be no need for group VPCs [31] and it coul
simplify the trade-off between VP and VC routing
[32]. A comparison between the local approach and
central approach using group VPCs is needed.

Having the OVPCs seen as backup-VPCs will e
able a self-healing network [7-9,33] by integratin
fault management into the bandwidth manageme
Having a robust design the network can give other r
sults than presented here.

Having different traffics and bigger test network
could alter the performance.

It seems important to find the trade-off betwee
link violations and profitability.

9. Conclusions

We have given an overview of the VPC manag
ment and seen how it relates to other topics. We ha
described and compared different approaches to
their characteristics.

We have developed a type of distributed VP
management policy and described it in detail. Th
method can use many iteration cycles to improve t
network performance, but the number of control me
sages will increase correspondingly. The compu
tions needed are simple but the complexity is inste
moved to the management of control messages (i.e.
timeouts, delays).

The development of a distributed approach h
filled a gap among the approaches and has enable
to compare fundamentally different approaches f
VPC capacity management.

We have seen that the local approach seems pro
ising and made a further evaluation of this. This a
proach handles traffic variations on a short time sca
that is larger than the mean interarrival time bu
smaller than the average call holding time. The op
mal K-value changes very little when having differ
ent number of VPCs. It is a simple algorithm to us
but getting the best allocation formula is a bit tricky
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Appendix A

The networks have been made with a program
that generates networks with ten nodes. The total ar-
rival rate of calls is about 6500 calls per time unit and
call holding times are assumed to be negative expo-
nentially distributed with a mean holding time of 1
time unit. User demands are fully characterised by a
sequence of known end-to-end traffic demand matri-
cesA(k) (of sizeN·N), whereao,d(k) denotes the traf-
fic from o to d at timek, k:(k=1,...,K), andN is the
number of nodes in the network. The time indexk in-
dicates intervals such as hour, day of week, or day of
year. However, for any realistic network, traffic
change gradually and in a somewhat irregular way,
and there will always be a difference between fore-
cast and actual traffics. Motivated by this fact we
make the time for the change of traffics deviate ran-
domly according to independent, normal distribu-
tions. The coefficient of variation has been chosen to
0.20.

For each origin-destination pair a transmission ca-
pacity was assigned to give 1% expected loss for a
given offered traffic. (When reserving guard bands
the blocking increases.) This basic traffic was modi-
fied to yield K different situations by the use of a
“busy center” (see Fig. 17). Traffic between busy
center nodes where increased randomly between 20-
60%. Traffic between nodes outside the busy region
were decreased randomly between 20-60%, and the
traffic between a busy center node and a node outside
the center was modified randomly between -20% and
+20%. After the modification, the traffics have been
normalized to give the same total amount of offered

traffic as before. The resulting greatest increase
97% and greatest decrease 60%. We also consid
case of more moderate imbalances with limits 10
and 30% (instead of 20% and 60%). The resultin
greatest increase is then 43% and the greatest
crease 30%.

1 9 5

2

4

86

10

73

Figure 17:An example of a test network.

Busy center
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Figure 19:An example of a fair share allocation.
Appendix B

Here is an example of how the paths are selected
by the saturation routing by sending PATH. Having
the nodes as shown in Fig. 18, the following steps are
taken to get the paths from node 1 to node 9:

1. Node 1 sends messages on all
links with destination node 9.

2. Node 9 send acknowledgements.

ACK1: 1-2-5-9
ACK2: 1-3-5-9
ACK3: 1-2-5-7-9
ACK4: 1-3-5-7-9

3. Node 1 orders the received paths
by a selection criterion.

Based on the selection criteria, the paths received are
ordered in the routing table as indicated in Table 7.

Table 7:Results from selecting paths.

Appendix C

Here a fair share allocation example is given. Fi
ure 19 shows a network where the switches are d
noted SW and the links as L. The capacity on a
links is 150 capacity units. The figure shows fou
VPCs (1-4).

The fair share on the three links (L1-L3), after th
first phase could be as follows:

L1) VPC1 = 50, VPC2 = 50, VPC3 = 50.

L2) VPC2 = 100, VPC4 = 50.

L3) VPC4 = 150.

The ACAP messages gives the allowed capaciti
which could result in some unused capacity. Th
following reallocation tries to give the unused
capacity to the VPCs that are able to use it.

• VPC2 is allowed 50 c.u. on link L1, therefore the
new fair share on link L2 is: VPC2=50,
VPC4=100.

• VPC4 is allowed 100 c.u. on L2 therefore only
100 c.u. will be allocated on L3.

Shortest Link disjoint Node disjoint

1-2-5-9 1-2-5-9 1-2-5-9

1-3-5-9 1-3-5-7-9 -

1-2-5-7-9 - -

1-3-5-7-9 - -

- - -

9

7

5

2

1

3

Figure 18:An example of routing.
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