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Abstract—This paper proposes an algorithm for allocating
connections with bandwidth and availability requirements in a
telecommunication network where the connections may share
resources in their backup paths. The allocation is dynamic in
the sense that allocation requests have random arrival times,
source and destinations, and allocated connections have a random
duration. The algorithm has been designed for core backbone
networks with continuous bandwidth distribution, like for ex-
ample MPLS networks. An efficient bandwidth utilization was
obtained by an intelligent sharing mechanism that takes into
account the properties of networks with continuous bandwidth
allocation. The problem may be formulated as an NIP (Nonlinear
Integer Programming) problem. However, due to the well known
complexity and scalability limitations in solving this kind of
problems, the solution is based on heuristic procedures. A
performance comparison with previously published algorithms
is carried out for some ”reference networks”, demonstrating a
substantially better resource usage.

I. INTRODUCTION

Offer quality of service (QoS) to the connections that
use a network is a matter of major impact. Availability is
a significant element on providing a good QoS. It may be
clearly defined in a Service Level Agreement as a parameter
guaranteed by the network operator. Violation of the agreed
value may have large consequences and for this reason is very
relevant to develop techniques that help to fulfill the specific
availability. At the same time another important concern is the
efficient utilization of the network resources.

This paper proposes a mechanism that allocates connections
in a network that may be affected by multiple failures,
fulfilling specific availability requirements. Compared with
previous related works, this mechanism reduces considerably
the bandwidth reserved for backups. This is made through the
use of a novel technique called dynamic sharing.

Protection is one of the most common strategies used to
meet dependability requirements with a high probability. In
this approach the network resources that provide connection
between two points are planned when the connection arrives
and before any failure affect it. For this, the use of predefined
backups is a common policy. Depending on the characteristic
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of the network elements and on the implemented backup
scheme, different dependability degrees may be obtained.

The backup scheme may be dedicated where the bandwidth
of the working and the backup path is reserved exclusively
for one connection. Works such as [7] and [1] have proposed
relevant ideas for this. On the other hand a scheme known as
Shared Backup Path Protection (SBPP) may be implemented,
where the network resources may be used more efficiently.
Under this scheme, a connection may share bandwidth in its
backup path with other connections. For this reason the offered
availability will depend not only on the network resources
assigned to one connection but also on the behavior of the
others. There are some approaches that try to model this
problem assuming that maximum two failures may occur in
the network [6]. In [2] the use of SBPP is studied including
partial restoration. A novel concept that reduces the connection
blocking probability in networks that use SBPP is proposed
in [8], where the idea is to implement connection priorities
that are proportional to the time that a connection has been
allocated in the network, in this way, the availability of an
existing connection will be unaffected by the establishment of
new connections.

Finally it is important to highlight that when SBPP is used,
the concept of Shared Risk Group (SRG) has to be considered
in order to have robustness under single link failures. That
means that the connections affected by one failure can not
share any backup resource [9].

The problem of allocating connections in a network fulfill-
ing bandwidth and availability requirements has been studied
through the use of Integer Linear Programming (ILP). Formal
optimization techniques have been successfully applied for the
case of connections without protection and connection with
dedicated path protection [11]. Anyhow for the case of shared
path protection the problem can not be efficiently solved due to
the non linear constraints in the shared availability inequalities
[5]. Therefore in further SBPP works the use of heuristics
algorithms is common. An interesting proposal is found in
[4] where by solving an ILP, a working and a shared backup
path are obtained. However, this solution uses Shared Risk
Group (SRG) as the only availability constraint and therefore
it can not be used to fulfill specific availability values. That
means that through the use of ILP may be obtained efficiently
a working path that is protected by a disjoint backup path but



without achieving specific availability targets.
In our work the obtained constraints becomes non linear

since specific availability values have to be fulfilled. For this
reason the proposed solution uses heuristic techniques.

In MPLS networks, the link capacities are split for allocate
multiple connections, and the bandwidth may be assigned in
any proportion as long as the capacity limit is not exceeded.
This is known as continuous bandwidth assignment. A recent
work [3] deals with the problem of SBPP considering the
properties of continuous bandwidth. This approach can be
used to allocate connections in a network with guaranteed
availability and additionally it scales very well. However, the
sharing scheme used has some restrictions and the bandwidth
utilization is therefore not completely efficient. Our proposal
optimizes the amount of bandwidth reserved for backup paths
through the use of dynamic sharing. This idea basically gives
more flexibility on the selection of the connections that will
share resources with an incoming connection.

This paper is organized as follows. In Section II the problem
is defined. Section III explains the core idea of dynamic
sharing. In section IV the optimization problem that minimize
the backup bandwidth utilization is formulated. Section V
shows the heuristic procedure that uses dynamic sharing to
allocate connections, fulfilling bandwidth and availability re-
quirements. Section VI shows some case studies that illustrate
the performance of the proposed mechanism. Finally Section
VII concludes the paper.

II. PROBLEM DEFINITION

The resilience of a network may be defined as the ability of
a network to automatically react to failures through the use of
alternative failure-free paths. Planning redundancies and make
use of them to deal with failure situations is one of the keys
to provide dependable services.

The mechanism developed in this paper is oriented to
core backbone networks defined under the standard notation
G(V,E), where V represents a set of routers and E a
set of links that interconnect those routers. The links l are
characterized by a capacity Bl and a steady state availability
ρl.

Another important elements for our mechanism are the
connections that arrive and depart randomly and that have
to be allocated and removed from the network according
to the stipulated contract period. An arriving request Cn is
characterized by a quadruple (s, d, bn, an) where s and d
are the source and destination routers respectively, bn is the
capacity requirement and an is the availability requirement
. Through the use of routing algorithms a path in G(V,E)
to allocate Cn may be found. In MPLS networks this path
is defined as an LSP (Label Switched Path). Once the path is
known, the RSVP signaling protocol will perform the resource
reservation in a continuous way. That means that the reserved
resources fit exactly with the requested amount (this condition
differentiate this work from the approaches where the link
capacities are distributed in discrete amounts e.g. complete
wavelengths). Section III explains how to take advantage of the

continuous bandwidth allocation in order to optimize resource
utilization.

In our work the protection mechanism will be implemented
through the use backup paths that are used when the main
connections fail. The working capacities are dedicated and the
backup resources may be shared by several connections as long
as the availability requirements are not violated.

Given that the bandwidth used on a link for working
connections (BW

l ) is dedicated, the design of sharing strategies
that optimize the bandwidth utilization is not possible. On
the other hand, the bandwidth reserved for backup paths on
an individual link (BK

l ) is shared. This property allows the
implementation of techniques able to optimize the total backup
capacity in the network through the selection of an appropriate
sharing scheme.

The proposed mechanism tries to fit as best as possible the
bandwidth reserved for a connection in the shared areas.

Finally it is important to mention that all the allocated
connections have to fulfill the bandwidth constrain defined by:

Bl ≥ BW
l +BK

l ∀l ∈ G(V,E) (1)

A. Availability Calculations

When a connection request Cn arrives with requirements
bn and an to the network, first a working path Wn is found.
This path is composed by several links l with respective values
ρl. The availability of Wn is calculated using the following
equation:

AW
n =

∏
∀l∈Wn

ρl (2)

Additionally the unavailability of the working path of Cn

may be defined as UW
n = 1−AW

n . If AW
n is smaller than an it

is a common policy to find a backup path Kn. The resources
may be used more efficiently if Kn is shared with a group of
other connections (Gs

n).
When any link that belongs to the working path of Cn

is affected by a failure, the found backup path will be used
in order to keep the connection operational. Nevertheless the
backup resources are available for connection Cn if the path
itself is operational and additionally if: The backup resources
are not being used by another Gs

n connection, or if the
connection that is using the backup has lower priority than
Cn and therefore can be preempted.

In the literature is well known that if the priority of Cn is
assumed equal to zero, the total availability of a connection
with sharing backup (AS

n) may be defined by a lower bound
as follows:

AS
n ≥ 1−

(
1−

∏
∀l∈Wn

ρl

)
·
(

1−
∏
∀l∈Kn

ρl ·
∏

∀Cx∈Gs
n

AW
x

)
(3)

If AS
n ≥ an the Cn requirements are fulfilled.

During the allocation of Cn the offered availability to any
connection previously established Cx must be kept over ax.
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Fig. 1. Static and Dynamic Sharing Schemes

From (3) can be deduced that the availability of a connection
x is affected only by the availability of the working path of
the new arriving connection (AW

n ). Therefore it is necessary to
include an additional admission policy that restricts the sharing
of connection n with x depending on AW

n if:

AW
n ≤

1− 1− ax

[UW
x ]

(
∏
∀l∈Kx

ρl) · (
∏

∀Cy∈Gs
x

AW
y )

(4)

Equations (3) and (4) will be used in this paper to verify
the fulfillment of the availability requirements.

III. DYNAMIC SHARING

In MPLS networks the link capacities are split in many parts
and the bandwidth may be assigned to several connections in
any proportion as long as the capacity limit is not exceeded.
This is a concept known as continuous bandwidth assignment.

Under this scheme, a link capacity Bl may be split in
three parts. The first part is the capacity that has not been
reserved by any connection and therefore is free to be used
by any future request. The second part is the bandwidth
used by working resources BW

l . Finally there is a bandwidth
reserved for backup paths BK

l which may shared by several
connections. Figure 1 shows this concept.

Previous works have defined bandwidth sharing mechanisms
where the connections are grouped by a fixed scheme. If
the availability requirements are not fulfilled for all of the
connections inside a given group, new resources have to
be used i.e. new groups are established. We define these
traditional mechanisms as static sharing. An example of one
of the latest static sharing approaches [3] is shown in Figure 1.

This paper proposes a new sharing strategy defined as
dynamic sharing where the possible sharing group for an
incoming connection Cn is not restricted by a fixed scheme.
For this reason, any possible combination of the connections
previously allocated on Kn may belong to the sharing group
of Cn. Therefore the concept of a group containing a fixed
number of connections sharing resources does not exist.
Instead each connection has its own sharing group. Given
this flexibility, the solution may be manipulated in order to
optimize the resource utilization. For example, in the dynamic
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Fig. 2. Example that describes the use of backup capacity

sharing example shown in Figure 1 C1 shares the backup
with C2 and C4 but it does not mean that C2 has to share
with C4, which is the case in a static sharing group scheme.
To the authors’ knowledge, the problem of sharing resources
in a complete dynamic way under bandwidth and availability
constrains has not been previously considered.

A. Sharing Groups

The core idea of this paper is that each connection Cn has
its own sharing group g(Cn), independently of the sharing
groups from the other connections.

On any link l that belongs to Kn, BK
l may be used by a

group of connections GKn

l .
The non sharing group of Cn ( g(Cn) ) will be defined as

GKn

l −g(Cn) and represents the connections that use any link
l ∈ Kn as a backup path, but that can not share resources with
Cn because of the violation of its availability constraint.

The selection of g(Cn) is made in such a way that the avail-
ability requirements are kept for all the implied connections,
c/o (3) and (4). Therefore if Cn is using the backup, a policy
that inhibits all connections in g(Cn) from utilizing BK

l is
introduced. Figure 2 shows an example.

On the other hand, given the case that Cn is using part of
BK

l , there will still be some remaining bandwidth available
B

g(Cn)
l which is determined by BK

l − bn (Figure 2). Given
that Cn is not really sharing any capacity on l with g(Cn),
a mechanism that assures that Bg(Cn)

l will be sufficient to
accommodate the g(Cn) connections has to be implemented.

IV. MINIMIZING THE SHARED BANDWIDTH
RESERVED FOR BACKUP CONNECTIONS

The objective as stated earlier is to minimize the total
amount of bandwidth reserved for backup paths. This can
be achieved if for each incoming connection Cn, BK

l is
minimized on all the links l that belongs to the backup path
Kn by the appropriate selection of the Cn’s sharing group
g(Cn). This can be expressed by the following equation.

min
∑

l∈Kn

θl (5)

Where θl represents the increase in the bandwidth reserved
for backup paths on link l.

The possible solutions to this problem are given by the fea-
sible combination of connections in GKn

l grouped in specific



g(Cn) and g(Cn). For one specific combination is possible to
find the values θl. The next equation shows how to make this.

θl = max{ 0 , bn +B
g(Cn)
l −BK

l } (6)

In (6), BK
l and bn are known values. Obtaining Bg(Cn)

l is
hard as it depends on the sharing and non sharing groups of
the connections previously established. Assuming that GKn

l

contains a number of m connections, this sharing information
may be captured by a Sharing Matrix S which is an m x m
matrix defined as follows:

Si,j =

 1 if i=j
1 if Ci NOT share with Cj

0 if Ci share with Cj

(7)

In Figure 3 is observed an example of how to obtain θl and
B

g(Cn)
l under an specific g(Cn) and g(Cn).
To obtain B

g(Cn)
l , we evaluate one by one the bandwidth

contribution Tj that each connection Cj that belongs to GKn

l

may add to B
g(Cn)
l . Nevertheless we only need to consider

the connections that belong to g(Cn) given that they can not
be inhibit by Cn. Therefore the following variable is defined.

Ij =
{

1 if Cj ∈ g(Cn)
0 Otherwise (8)

On each evaluation all the pervious calculations have to be
kept, using a cumulative scheme that may be represented by
the matrix I as follows:

I =


I0 0 0 · · · 0
I0 I1 0 · · · 0
...

...
. . .

...
I0 I1 I2 · · · Im

 (9)

The one by one evaluation may be summarized by an
element matrix multiplication (•) between I and S. We define
this new matrix as A which is given as:

A = I • S (10)

A =


I0 · S1,1 0 · · · 0
I0 · S2,1 I1 · S2,2 · · · 0

...
...

. . .
...

I0 · Sm,1 I1 · Sm,2 · · · Im · Sm,n

 (11)

Each row in matrix A contains a set of binary values that
indicate which of the connections that belong to GKn

l will
contribute to the size of Bg(Cn)

l on each evaluation.
Finally it is important to highlight that when a contribution

Tj is considered, this amount does not need to be considered
again on future contributions Th for all Ch that belong
to g(Cj). Therefore Tj may be modeled by the following
equation:

Tj = max{ 0 , min(bj − Th) } ∀ Ch ∈ g(Cj) (12)
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Where Th is at the beginning equal to zero for all non yet
evaluated Ch.

When all the m connections that belong to GKn

l are
considered, an iteration process is generated. This iteration
may be captured by the following equation.

Vm =
m∑

j=1

Vj−1 + Aj · Ij · Tj (13)

Where Aj is a 1 x m vector that represents the row j of
the matrix A. Vm is a vector of size m with initial value V0

defined as:

V0 = [0, 0, 0, ....0] (14)

At the end of the process, the maximum value of Vm

contains Bg(Cn)
l , therefore:

B
g(Cn)
l = max(Vm) (15)

The objective function is now fully defined by (5), (6) and
(15). On the other hand the availability constrains are defined
by (3) and bandwidth constrains are defined by (1). It can be
observed that this formulation lies into the nonlinear integer
programming. Given that the NIP solution of this problem is
not scalable in a real world application the solution proposed
is heuristic.

V. CONNECTION ALLOCATION MECHANISM
USING DYNAMIC SHARING

In this section we explain the mechanism implemented to
allocate an incoming connection Cn fulfilling its bandwidth
need bn and availability requirement an using dynamic shar-
ing.

First, through the use of conventional routing algorithms
like minimum cost path, a working path between the source
and the destination is found. The availability of this path AW

n

is calculated using equation 2. When AW
n > an the connection

may be provided without protection, i.e. the connection may
be unprotected.

On the other hand, when AW
n < an a backup path is needed.

There are two basic rules known in the literature for the backup
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path selection. The first is that the working and the backup path
have to be link disjoint. The second rule is known as one single
link robustness under single link failure and basically states
that given any link failure, the affected working connections
can not share any backup resource [4].

Once those two rules are fulfilled, the selected backup
path contains a number of links with connections previously
allocated. Therefore in principle it would be possible for Cn

share resources with all of them. This initial group of possible
sharing connections will be called potential sharing group
(PSG) and may be easily obtained using a link by link search
through the backup path.

The next step is to guarantee that the availability offered
to the PSG connections remains bigger than the respective
availability requirement (Checking 1 Fig 4 ). Through the use
of (4) we can easily verify if the availability of the working
path of Cn is sufficient in order to share with each of the
different connections that belong to PSG. The above procedure
reduces the size of PSG obtaining a Reduced Potential Shared
Group (RPSG). It is also important to highlight that the
connections that do not allow sharing with Cn will belong to
the Non Sharing Group (g(Cn)). In [8] has been shown that
the resources can be more efficiently used and recalculations
are avoided if the availability of an existing connection is
unaffected by the establishment of new connections, using a
priorities scheme. Our mechanism is adaptable to this approach
by including or removing the Obtain RPSG block (Figure 5).

Now the next step is to find which connections from RPSG
should be included in g(Cn) and which in g(Cn) as is
illustrated in the Checking 2 (Figure 4). To perform this step,
all the connections from RPSG are evaluated one by one using
(3). After being added into g(Cn), the individual connections
that generate a violation in the availability requirement an will
be deleted from RPSG and added to g(Cn). This is represented
in Figure 5 as Update g(Cn) step.

The next step is to find the RPSG connection combination
that minimize the total bandwidth reserved for backup capac-
ities. This combination is obtained, evaluating one by one the
connections that currently belong to RPSG. On each iteration
the connection under evaluation is temporarily added to g(Cn).
Then Cn is temporarily allocated in the network under that
conditions and using (5) an increase in the total bandwidth
used for backup resources may be obtained. After performing
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Fig. 5. Flow Chart of the Allocation Mechanism

those calculations the temporal changes are reversed and
the next connection in RPSG is evaluated. When all the
connections are analyzed is easy to see which one generates
the minimum increase in backup bandwidth. This connection
will be deleted from RPSG and added to g(Cn) (New g(Cn)
Figure 5).

After this step, there is a new scenario where RPSG has one
element less and g(Cn) one more. That means in one hand a
change in AS

n and therefore repeat the Update g(Cn) step is
needed. On the other hand if RPSG is not empty there are still
connections that need to be evaluated. Therefore the explained
procedure will be performed until RPSG becomes empty. Then
the algorithm stops and Cn can be allocated through the
backup path with the found sharing schema. The complexity
of the algorithm described in this section is O(E.δ3) and can
be deduced from the loop shown in figure 5 and equation 13
that is implied inside this process. δ represent the connections
that are in RPSG which for the worst case may be equal to
the number of allocated connections in G when Cn arrives.

VI. CASE STUDIES
In order to verify the performance of our mechanism, and

compare the behavior of dynamic and static sharing schemes,
some simulations were performed. The experiment setup was
implemented in C++, using the topology COST266 network
which is an European backbone with 37 nodes and 112 links
(Figure 6) [10]. It was assumed that each link has ρl = 0.99
and a capacity of 100Gb/s which is big enough compared
with the connection bandwidth request assumed (1-150Mb/s),
in order to avoid bandwidth bottlenecks.

In the first experiment was assumed that requests with
random source and destination nodes arrive and depart at any
time. Nevertheless the ”number of allocated connections in
the networks” (load) is kept always constant for each point.
Those allocated connections have bandwidth and availability
requirement uniformly distributed with values among 1Mb/s -
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150Mb/s and 0.991 - 0.999 respectively. Figure 7 shows the
result of this experiment where there is a clear more efficient
resources utilization for all the possible number of allocated
connections. Nevertheless, for bigger network loads the saving
becomes considerably better.

A second experiment studies the behavior of dynamic and
static sharing schemes under different availability require-
ments. For each of the points shown in figure 8 the load is
1000 connections with the same availability requirement (an)
but random source, destination and bandwidth (bn). In this
experiment is observed that for low availability requirements
the utilization on both schemes is similar due to the connec-
tions may not need backup. The same tendency is observed
for high availability requirements where the connections need
dedicated path protection instead of shared. That means that
for all the areas where sharing is really needed, the perfor-
mance of our mechanism is better.

VII. CONCLUSIONS

This paper shows an improvement in the utilization of the
network resources in a SBPP scheme, using the properties of
continuous bandwidth assignment.

Considerable bandwidth amounts are saved through the
use of our proposed mechanism. This advantage is valid
for a wide range of connection availability requirements and
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network loads. Nevertheless the complexity of our mechanism
is approximately one order of magnitude bigger than the
complexity obtained by the use of static sharing.

Finally, if the availability requirements are considerably
high compared with the average link availability, both schemes
will behave very similar given that under these conditions they
perform as a dedicated path protection scheme.
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