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Balázs Gábor Józsa∗ and Dániel Orincsay∗

Abstract

This paper presents new approaches for off-line global path optimization in telecommunication networks
where backup paths use shared bandwidth reservation. This problem arises when a service provider wants to
find optimal paths for interruption-critical traffic flows within its network in order to improve the resource
utilization. In this paper we focus on protected traffic flows, where each traffic demand has an active working
path and a backup path for restoration. With the help of an off-line global path optimization process the
network load can be reduced, even if on-line routing algorithms optimize the placement of traffic flows,
because the sequential optimal local routing decisions may result in a globally suboptimal routing of the
flows. We introduce a number of different approaches for solving the above problem, which can be used in
several types of networks (e.g., Asynchronous Transfer Mode, Multiprotocol Label Switching, Wavelength
Division Multiplexing) that allows such traffic engineering features as bandwidth guarantees and backup
paths. We investigate the algorithms through empirical tests based on practical size randomly generated
networks as well as on real-world backbone network topologies. The results show that using the proposed
methods the resource utilization can be improved significantly.
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1 Introduction

Nowadays, network customers need guaranteed bandwidth from Internet Service Providers (ISPs) besides the
typical best-effort services, moreover, protection of such traffic that should not be interrupted by failures is
also necessary. During normal operation, traffic flows use the so-called active paths that are protected by pre-
established disjoint backup paths where the traffic flows can be switched quickly when a link failure is detected.
This technique can be used in several types of networks (e.g., Asynchronous Transfer Mode, Multiprotocol Label
Switching, Wavelength Division Multiplexing) that support the above-mentioned traffic engineering feature [1].
In the literature various terms are used for the above two kinds of paths; in this paper we use terms active and
working path interchangeably as well as terms backup, recovery, and restoration path. More disjoint backup
paths can be used for one active path, with the result that we can tolerate more failures at one time. Due to the
rare failures, we assume that only one link fails at one time (single failure), therefore we consider one backup
path per active path.

To guarantee the same quality for traffic flows when a network component fails, the reserved bandwidth for
a backup path must be equal to the bandwidth of the active path. There are different approaches of protection
and restoration techniques [2]. “1+1” protection means that data is sent over both (active and backup) paths
simultaneously, which is the fastest and most secure method but it doubles the network load. In “1:1” protection
each active path has a hot-standby backup path whose resource reservations are independent from the other
paths. This type of protection is simple and fast but it requires high amount of resources (double amount
compared to the case without protection). The resource reservation can be reduced significantly—without
reliability degradation—in the following way: in case of a single failure, among two disjoint active paths at
most one can fail, thus they can share their bandwidth reservation on the common links of their backup paths
(see Figure 1). This is called shared backup reservation (also called shared protection) that has been studied
extensively in the literature [3, 4, 5, 6, 7, 8, 9] and it seems to be a good compromise between protection and
bandwidth consumption.

ISPs are not only interested in providing reliable services with quality guarantees but on the other hand, they
aspire to improve the network performance, therefore optimal placement of traffic flows within their networks
is also very important. There are two quite different ways of path optimization. Using on-line optimization
(e.g., [10]) we establish the paths immediately for the arriving traffic demands based on optimal local decision
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without a priori knowledge of future demands. After some successive on-demand path establishment the overall
network performance may be far from the optimal, thus global off-line optimization (e.g., [11]) is needed, where
we search for a better path set for the known traffic demands. Although the global path optimization problem
applying backup capacity sharing has been studied in the literature, novel approaches can be introduced in this
area. In this paper we deal with the global path optimization problem with shared backup paths, and we show
that network load can be decreased significantly with the use of the proposed path calculation methods.

The rest of the paper is structured as follows. Section 2 gives the formal problem statement. In Section 3 we
describe different approaches for solving the problem of global path optimization with shared backup paths. We
compare the approaches by simulation on practical size randomly generated networks as well as on real-world
IP backbone network topologies and present numerical results in Section 4. Finally, in Section 5 the conclusions
are drawn.

2 Problem Definition

In the current global optimization problem we search for an active and a backup path set for the set of traffic
demands so that the overall bandwidth reservation using shared backup reservation would be minimal. We
represent the telecommunication network by a directed graph with edge capacities (c(ei) for edge ei) denoting
the reservable bandwidth of the corresponding link. A demand d is given by its source and destination nodes
and by its required bandwidth bw(d). The result of path search is two disjoint paths per demand (pa(d) and
pb(d) for demand d), in other words, two ordered set of edges without common elements.

The reserved capacity on edge ei consists of two parts. The first part is reserved for the active paths:
∑

d: ei∈pa(d)

bw(d). (1)

The second part is the reservation for the backup paths, i.e., the maximal backup traffic on edge ei in case
of any link failure. This part of reservation can be calculated with the help of the backup reservation matrix
(BRM) where the rows and the columns denote the edges of the graph. The element aij of BRM is the required
backup reservation for backup paths on edge ej in case of failure of edge ei:

aij :=
∑

d: ei∈pa(d)∧ej∈pb(d)

bw(d). (2)

To sum up, the backup bandwidth reservation (in case of shared reservations) on edge ej is equal with maxi aij

that is the maximal possible backup traffic on edge ej in case of a link failure.
The task is to search for two path sets for which the total reservation is minimal. We assume that active

paths use shortest paths, therefore the formal problem is:

to minimize
∑

j

max
i

aij . (3)

The more precise problem formulation can be found in the literature, e.g., in [5].



3 Algorithms

In the following three sections we present three basic approaches whose purpose is to decrease the reservations
for backup paths, consequently to increase the total network throughput. It is a common step of these algorithms
to route a traffic demand with active and backup paths. We solve this problem by applying a simple procedure
based on the well-known Dijkstra’s Shortest Path Search algorithm. Since we want the active path to be minimal
length in the current circumstances (which is nowadays a general requirement in telecommunication networks),
we route it first. Naturally, in each path selection phase only such links could be used that have enough free
capacity to satisfy the bandwidth request of the given traffic demand. In order to select a disjoint backup path,
we prune the links of the found active path, and then run Dijkstra’s algorithm again. In addition, various
weight functions may be applied making these calculations more intelligent, which is an important feature in
the detailed algorithms.

3.1 Cut Down Maximums (CDM)

This approach is a postprocessing method, because its starting-point is a complete network configuration (e.g.,
calculated by [11]), where both active and backup paths are specified, moreover reservations of backup paths
are shared. A main difference between this novel heuristic and the similar published algorithms [4, 5] is that
we allow to re-route the active paths as well.

As we mentioned, the concrete allocation for backup paths on a particular edge ej is determined by the
maximum value of column j in the backup reservation matrix (BRM). The idea of Cut Down Maximums
(CDM) method is the following: let’s try to cut down the maximum value in a given column while the increase
of other maximum values is not significant; in other words the sum of column maximums decreases. Thus, in
case of each successful cutdown the total network load decreases, which is our aim after all. In this way, any
set of paths—that are initially not optimized for reservation sharing—can be modified afterwards in such a way
that the resulting configuration would have a significantly lower load value.

This idea can be realized in practice in various ways; in this paper we present a concrete implementation,
which can be completed later with additional heuristic steps, or whose existing components can be fine-tuned.
In a step, the algorithm searches for the maximum value of column j (that corresponds to the backup reservation
of the edge ej). Let us suppose that this value can be found in the row i. This means that if a failure occurs
on edge ei the traffic on edge ej increases with this maximum value, due to demands whose active and backup
paths use edge ei and ej, respectively. So, we select a (previously routed) demand randomly (among these
ones), and try to re-route it. To reduce the maximum, we have two possible alternatives:

• force this demand not to use edge ei in its active path, or

• force this demand not to use edge ej in its backup path.

In the current implementation we try to fulfill both conditions, i.e., we increase the weight of the above edges
during path calculations. This way, in many cases the new paths avoid the critical edges, resulting in a smaller
aij value, consequently cutting down the maximum value of column j.

We apply the detailed method sequentially to each column (i.e., from the first to the last) over and over
again, while significant improvement occurs.

3.2 Adaptive Method (AM)

The second approach does not require an initial configuration of paths, it starts from an “empty” network with
traffic demands. Paths are established one after other, applying the usual Dijkstra’s algorithm based routing
method. The main feature of Adaptive Method (AM) is a special, adaptive weight function. When routing new
demands, the BRM changes continuously, so the applied weight function is based always on the actual values
of BRM. Thus, each particular path calculation can be adapted to the current network situation, i.e., we route
each traffic demand greedily resulting in its optimal placement in the actual network configuration.

The main purpose of the adaptive weight function is to keep the column maximums of BRM (that determine
the required reservations for backup paths) on a low level. This weight function is basically different for the
active and backup paths of a given demand. The two ideas are the following:

• in case of an active path, the weight of edge ei is proportional to the average of relative required backup

reservations in row i: w(ei) ∼ 1 +

∑
j

aij

maxk akj
· c(ej)

∑
j c(ej)

, and



• in case of a backup path, the weight of edge ej is proportional to the average of relative required backup

reservations (corresponding to active path): w(ej) ∼
∑

i: ei∈pa
aij

|pa| · maxi aij

The aim of the first weight function is to direct the active paths on edges whose average relative required
reservations (in the corresponding row) is low. Similarly, with the help of the second weight function we force
the backup paths to use edges where the reservations (corresponding to the edges of active path) are relatively
lower. In this way, the probability of a new, higher maximum value is reduced relevantly.

It is important to emphasize that this method routes a traffic demand only once, the selected paths do not
change any more. Another useful consequence is that the required running time is very low.

3.3 Iterative Method (IM)

The basic idea of Iterative Method (IM) is to iteratively re-calculate all backup paths in the network. In this
method we distinguish two backup reservation matrices (BRMs). BRMactual contains always the current aij

values, while BRMstored shows a preserved state. Similarly to the CDM algorithm (Section 3.1), the algorithm
starts from an initial network configuration. Stores the actual BRM (BRMstored := BRMactual), and re-route
all backup paths based on this preserved BRM (with the help of the weight function detailed in Section 3.2).
Then each iteration cycle consists of two steps: the algorithm combines the new BRM values with the previously
stored values: BRM ′

stored := p · BRMactual + (1 − p) · BRMstored, and re-calculates the backup paths. As we
mentioned, the applied weight function (for backup paths) is the same as in the case of AM, thus it aims to
avoid the links with relatively higher reservation values.

During combination of the stored and the new BRM, the relative weight p of the new BRM is decreasing in
each iteration cycle. This results in the very dynamic start of the algorithm, getting nearer to the optimum fast.
On the other hand, with the help of the increasing ratio of the stored BRM, the oscillation of the reservation
values can be avoided.

3.4 Combination of Algorithms

Since the described three algorithms are based on different approaches, it seems to be a natural idea to combine
them in order to get a more effective method. Since the Adaptive Method begins from an empty network, it
is practical to start with this procedure. Then also the Iterative or the Cut Down Maximum method can be
applied, or the combination of all three methods can be tested.

4 Numerical Results

4.1 Simulation Model

During simulations we tested our novel algorithms on various network situations. We generated random topolo-
gies with the help of [12] having 10 to 50 nodes, and by changing the node degree between 3 and 4. Besides,
we performed simulations on real network topologies taken from [13]. For a particular network topology, we
generated many sets of traffic demands randomly, in order to get an overall picture of the attainable performance
gain of the presented algorithms.

Analyzing the algorithms, the main measure is the free network capacity that is the sum of the unreserved
capacities of links per the sum of the total capacities of links. We also use term total network load that
contains the working capacity as well as the reserved capacity for backup paths—also called spare capacity in
the literature—; practically this value equals 1 minus the free network capacity. Generally, we evaluated the
methods in the interval where the total network load—without shared backup reservations—was between 60
and 90%. In order to reach such high network load values, we had to generate 2 or 3 traffic demands between
each node-pair (which well represents the current trend of distinguishing more types of traffic classes). Each
demand had a random bandwidth in the interval 1 to 200 Mbit/s (while a link capacity was usually the OC48
standard: 2.5 Gbit/s), which resulted in a number of traffic flows per links of 20-200.

4.2 Comparison of Algorithms

In this section we evaluate the results of simulations performed on 30-node random networks with an average
3.5 links per nodes (node degree).

As we can see in Figure 2, the total network load—without shared recovery paths—changes from 60 to 90%
(represented on axis x). Axis y shows the increased free capacity of network applying the different heuristics.



We consider the following case as reference: the concrete paths of demands are specified by such a global
optimization algorithm (see [11]) that does not take the possibility of reservation sharing into account during
the path calculation, in other words backup reservations are shared simply by the BRM without any heuristic
optimization method, which we refer as Simple Method (SM).
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Figure 2: Different optimization algorithms for sharing backup paths

Since CDM method and IM start from an initial network configuration, they have to be combined with a
method that is able to provide this initial path structure. We deal with two cases: the paths are specified by
the above-mentioned global optimization algorithm, which is the default case; or the Adaptive Method (AM)
selects paths for the demands, which results in such a state that is nearer to the optimal. After setting up an
initial configuration of paths, the Cut Down Maximums (CDM) algorithm or the Iterative Method (IM) (or
both) can be applied in order to improve the potential of backup reservation sharing.

Figure 2 depicts the result of this simulation scenario. We can see that the least efficient method, namely
IM can increase the free capacity more than 2%; combining it with AM (AM+IM) we get nearly the same result
(that is why it is not included in figure). Using CDM about 4.5% capacity saving can be reached; investigating
IM+CDM and AM+IM+CDM combinations (not included in figure) we found that the attainable performance
gain does not differ significantly. The reason of this, that in a step IM calculates the paths based on a constant
BRM, thus it cannot adjust itself well to the problem instances. Applying only the Adaptive Method (AM)
5% improvement can be reached in average, which is a very surprising result since it does not require any
route re-calculation. AM combined with CDM can provide the best utilization of the network, the attainable
improvement exceeds the 7% value at high initial load. To summarize, if the time consumption is not critical,
we propose to use AM+CDM for solving the global path optimization problem with shared backup reservation,
however, at larger networks its running time may be too high, therefore in this case AM is preferred instead of
AM+CDM.

Above this 30-node simulation scenario, we analyzed the operation of algorithms also in case of other network
sizes. The results (that are not detailed here) were very similar, some tendencies can be recognized, i.e., the
potential of backup path sharing is directly proportional to:

• the network size (number of nodes),

• the node degree, and

• the number of traffic classes (number of traffic flows per node-pair).

As we thought, the different heuristic methods can increase significantly the total free capacity of the
network. An interesting issue is the analysis of the optimized backup paths. We found that for all presented
algorithms these paths are longer in average than in the case of SM, consequently we expected that without
reservation sharing, the presented algorithms result in different total free capacity values. As we can see in
Table 1, the originally 10.45% free capacity decreases to 5-6% in case of IM and CDM; moreover applying the
AM, about 25% additional network capacity would be necessary in order to configure the demands without
backup reservation sharing.



Reservation sharing SM IM CDM AM AM+CDM
On 42.10% 44.32% 47.78% 48.89% 49.90%
Off 10.45% 6.03% 5.27% -25.19% -23.52%

Table 1: Free capacity values applying different algorithms

4.3 Further Investigations

In this section we investigate two published algorithms (detailed in [3]) in which the shared backup reservation
paradigm is implemented. Important to emphasize, that these algorithms—just like our SM—are not specialized
to shared backup reservation based optimization, they only have the ability to utilize this technology.

In Table 2 we can see the numerical comparison of the two above-mentioned algorithms, i.e., Simulated
Allocation ++ (SA++) and Iterative Capacity Splitting ++ (ICS++), besides our Simple Method (SM), and
two proposed algorithms, i.e., the Adaptive Method (AM), and its combination with Cut Down Maximums
(AM+CDM). The first measure is the total free capacity in the network after the optimization, and the other
one is the running time (on a computer with 433 MHz processor). Four different network examples were tested.

Network SA++ ICS++ SM AM AM+CDM
13 nodes 34.87% 36.01% 37.65% 45.69% 46.24%

0.52 s 0.80 s 0.31 s 0.38 s 3.94 s
30 nodes 38.11% 38.50% 40.47% 48.57% 49.78%

21.66 s 33.70 s 4.55 s 6.71 s 229.54 s
50 nodes 40.59% 40.56% 42.87% 50.05% 51.07%

186.12 s 362.80 s 26.04 s 36.85 s 1389.55 s
25 nodes 41.89% 42.46% 42.16% 45.94% 46.62%
(AT&T) 9.05 s 12.69 s 2.38 s 3.22 s 50.10 s

Table 2: Comparison to other algorithms

The first 3 (13-node, 30-node, 50-node) networks have randomly generated topology, while the last one is
the AT&T IP Backbone Network 2Q2000 (available at [13]). Since the first two algorithms were not directly
available for us, we could investigate only limited number of traffic situations, i.e., the results are averages of 4
different sets of traffic demands (per networks). Although only a small number of examples were investigated,
the tendencies are very clear, our proposed algorithms can solve the problem efficiently.

As we can see in Table 2, the quality of the results of SA++, ICS++, and SM have no relevant difference (only
in running time). This was expected because none of these algorithms optimize the shared backup reservation.
Using AM the total free capacity is significantly higher compared to the three above-mentioned algorithms,
while the running time remains at a low level. AM combined with CDM improves the network performance in
a certain degree, but it is time consuming, consequently we do not propose to use it at large networks or in
cases when the time is critical.

5 Conclusion

This paper addressed the global path optimization of bandwidth guaranteed traffic flows concentrating on the
possibility of shared backup reservations. We presented three algorithms that can solve the above problem
efficiently. During the investigation of the available performance improvement applying our proposed methods,
we performed many simulations on various network examples. The results showed that all algorithms can
extend considerably the network throughput, furthermore we experienced that combining the algorithms, a
higher degree of backup reservation sharing can be reached. We propose using Adaptive Method that improves
the network performance nearly to the highest degree, while its running time is at a low level. If the time
consumption is unimportant, applying AM combined with CDM we can reach even better network utilization.
We compared the proposed AM and AM+CDM to other published algorithms as well as to our reference method,
and it has turned out that our proposed algorithms give significantly better solutions for the problem. Our
future tasks can include the optimization of the parameters of the proposed algorithms, and the development
of novel heuristic methods based on our results so far.
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