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ABSTRACT
In this paper, we investigate the issue of
providing the transmission continuity in
IP-MPLS/WDM networks in the presence of
failures of nodes/links. Special focus is put on
assuring fast restoration of flows affected after
a failure in a scenario assuming sharing the
backup path capacities in order to decrease the
overall bandwidth consumption.
In particular, we propose a new approach to
inter-layer sharing of link capacity reserved for
backup paths that does not increase the length of
backup paths. It is thus able to provide the
smallest possible values of service recovery
time. Proposed solution is dedicated to the case
of multiple classes of service suitable for
differentiated requirements of end-users.
We showed in extensive simulations that our
approach leads to significant savings in service
restoration time (up to 33% smaller values
compared to the common approach to inter-layer
backup capacity sharing) and backup paths
capacity required to provide the survivable
routing (up to 54%).
To the best of authors’ knowledge, the
proposed method to inter-layer sharing of link
capacity is the first one that does not increase the
length of backup paths.

networks. Such a structure, where IP-MPLS
forms the upper layer benefiting from
transport services offered by a lower layer
realized by means of optical transport
network-OTN (utilizing the Wavelength
Division Multiplexing technique-WDM), is
often considered as the architecture of future
wide-area networks.
Each WDM link by default offers a set of
non-overlapping transmission channels (e.g.,
80, or more), referred to as wavelengths.
Transmission in a connection-oriented
WDM layer is possible after setting up the
end-to-end connection called a lightpath [1]
and allocating a sequence of wavelengths
along consecutive links.
Topology of the upper IP-MPLS layer is in
turn a virtual one, with MPLS routers
connected by virtual IP-MPLS links realized
by the respective WDM lightpaths, as shown
in Fig. 1. Since capacity of any IP-MPLS link
is several orders of magnitude smaller that the
respective capacity of a lightpath, several
IP-MPLS paths are served by a single WDM
lightpath using time division multiplexing,
referred to as traffic grooming [1].
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1 INTRODUCTION

In this paper, we concentrate on the issue of
protection against failures of network
elements occurring in IP-MPLS/WDM
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Figure 1. Example IP-MPLS/WDM network.
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Failures of nodes/links in wide-area
networks are inevitable. They can be result
of either random faults (e.g., cable cuts,
system deficiencies such as software errors
or hardware corruptions), or even malicious
human activities.
Since capacity of a WDM lightpath is
measured in terms of Gbps (e.g., 10 or 40) [2],
a failure of any node/link may certainly lead
to huge revenue losses. This in turn justifies
the need to enhance the network with
survivability mechanisms necessary to provide
the continuous service after failures [3], [4].
Network survivability in WDM layer is
achieved by installing additional disjoint
backup lightpaths utilized to provide
transmission after failures affecting the
corresponding primary (working) lightpaths.
In particular, protection against node/link
failures requires the respective working and
backup paths to have no common transit
nodes/links, as shown in Fig. 2.

Figure 2. Example protection of a connection (1-7)
against node failures by means of two node-disjoint
paths.

In a multilayer network architecture,
survivability mechanisms can be applied to
a single or multiple layers. In particular, if
backup paths are installed in the WDM layer
only, referred to as survivability at the
bottom layer technique, then the number of
required recovery actions is the smallest
possible, since they are performed on the
coarsest granularity [5]-[7].
However, this scheme is not able to cover
all possible failures, e.g., a failure of the
upper layer router R4 in Fig. 1. Therefore,
any failure occurring in the upper layer can
be handled, only if survivability at the top
layer technique is utilized [5], [6]. This
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implies in turn service restoration actions
performed at finer granularity, compared to
the restoration at the lower (optical) layer.
The disadvantage is that, if recovery actions
are performed only in the upper layer,
a failure of a single network element in
a WDM layer may expand to thousands of
simultaneous failures of logical IP-MPLS
links, resulting in a significant number of
IP-layer restoration actions, slowing down
the whole restoration process [8].
Based on observations above, it seems
reasonable to utilize some mechanisms of
network survivability in both network layers.
If survivability is provided in both network
layers, inter-layer coordination of restoration
processes becomes an important issue.
In particular, it is necessary to decide the
sequence of recovery actions executed at both
layers. The bottom-up approach [7] seems to
be reasonable, meaning that all possible
recovery actions are executed first in the lower
(WDM) layer followed by the restoration
process in the IP-MPLS layer only with
respect to flows that could not be restored by
means of WDM survivability procedures.
One of the most important factors
influencing QoS (and in particular Quality of
Experience - QoE) seen by customers, is the
time needed to activate the backup paths
after a failure. Since the three-way
handshake protocol [9] is used in WDM
layer to switch the traffic onto a backup path
after a failure, comprising the exchange of
failure notification signals (LINK/NODE
FAIL), and backup path activation messages
(SETUP and CONFIRM, accordingly), the
overall time needed to restore a connection
in the lower layer depends mainly on the
length of backup paths [10]-[12].
The respective time needed to activate the
backup paths in IP-MPLS layer is in turn
a result of the procedures needed to activate
backup LSPs provided by WDM paths.
In order to keep the demanded level of QoE,
it is thus necessary choose the survivability
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strategy that keeps the length of backup paths
below acceptable limits [13]-[14].
It is difficult to achieve this goal when
utilizing the concept of backup path sharing
(applied to reduce the extra capacity needed
to install the backup paths). In general, as
shown in Fig. 3, in order to achieve 100%
restorability, sharing the capacity of links by
several backup paths is feasible, if these
backup paths are to protect connections
against different failure scenarios. In other
words, it must be guaranteed that after any
failure, at most one backup path will have to
be activated from the set of paths sharing the
common link capacities.

Figure 3. An example of backup lightpath sharing (at
link 3-4) for protection against a single node failure.

It turns out that almost all common
approaches to backup path sharing described
in the literature result in increasing the
length of backup paths. The only exception
is our paper [15], in which we introduce
a new approach to WDM backup path
resource (i.e., link capacity) sharing, called
SPGC, providing backup paths no longer
than the respective ones in the "no sharing"
scenario.
However, in [15], we analyzed a single
WDM layer only. No investigations were
included there that refer to multilayer
survivability, and in particular, to inter-layer
sharing of backup resources. This paper is
thus the first one to address the issue of fast
service restoration under backup resource
sharing in multilayer networks.
In our formal description, a WDM layer
topology is described by a graph Γ = (N, A).
N is the set of nodes modeling optical cross
connects (OXCs). In A, being the set of
unidirectional arcs, each pair of unidirectional
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arcs ah = (i, j) and ah' = (i, j) represents a given
bidirectional WDM link between OXCi and
OXCj. Graph G = (NIP, L) is in turn used to
model topology of the upper IP-MPLS layer,
where N, and L denote the sets of network
nodes, and IP-MPLS links (each IP-MPLS
link provided by the respective end-to-end
WDM lightpath), accordingly. In this paper,
we assume that for each WDM node from
a set N, there exists the respective associated
IP-MPLS router from a set NIP.
The rest of the paper is organized as
follows. In Section 2, we briefly present the
general idea of a common approach to
backup capacity sharing, and compare it
with our method proposed in [15]. Next, in
Section 3, we introduce our new concept of
inter-layer
backup
resource
sharing
providing fast service recovery in
IP-MPLS/WDM networks. The later part of
the paper presents simulation assumptions
(Section 4) followed by a detailed analysis
of simulation results (Section 5). Section 6
concludes the paper.
2 BACKUP PATH RESOURCE SHARING
IN WDM LAYER

When using a common technique of sharing
the backup path resources described e.g., in
[16], referred to as the "a priori" sharing in
this paper, the objective is to find the set of
working and backup paths in a way that the
amount of link capacity allocated for backup
paths is minimized.
In particular, in computations of backup
paths, the cost ξhb of arc ah is typically
a fraction of the respective cost ξhw of arc ah
used in working path computations1
[17], [18], as shown in Eq. 1. Therefore, in
backup path computations, arcs with sharable
backup capacity in are preferred.

ε

ξ =  ( f (π r ) − shh( r ) ) ⋅ sh

∞

b
h

1

if f (π r ) ≤ shh( r )
if f (π r ) > shh( r ) and f h ≥ f (π r ) − shh( r )
otherwise

(1)

costs ξhw are often equal to arcs lengths.
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where: f(πr) is the capacity of the r-th connection,
shh(r) is the backup capacity reserved at ah that
may be shared by a backup path of the r-th
connection,
is the length of arc ah,
sh
is the unused capacity of arc ah = (i, j).
fh

As given in Eq. 1, for a given r-th demand,
the cost ξhb of any arc ah is set to ε, if it
offers enough shareable capacity (i.e., not
less than the demanded capacity f(πr)).
Otherwise, ξhb is proportional to the extra
capacity to be allocated for a backup path of
r-th connection at ah, or set to infinity, if arc
ah cannot accommodate a new backup path.
For any backup path, its total cost is thus
implied by the extra capacity to be reserved
at all traversed arcs.
Optimal solution to the respective
"a priori" backup path sharing problem may
be found e.g., by solving the respective
Integer Linear Programming (ILP) problem
that considers calculating working and
backup paths jointly (see e.g., [19]).
However, due to NP-completeness of the
considered problem, this is only feasible for
very small problem instances. When using
the suboptimal heuristic approaches,
working and backup paths are commonly
found sequentially [20]. This means that any
backup path is obtained after calculating the
respective working path of a demand.
The "a priori" sharing approach, although
being capacity-efficient, brings about
problems related to the length of backup
paths. Since the costs of arcs ξhb given in
Eq. 1 do not reflect well the real arc lengths,
the resulting backup paths, traversing many
arcs of near-zero cost (i.e., ξhb = ε), are much
longer than in "no sharing" case [19], [21].
For instance, in the example scenario from
[15], shown in Fig. 4, "a priori" sharing will
result in choosing the backup path (2, 4, 3,
6, 7) of the total cost of 10 + 2ε, for a given
working path (2, 5, 7), even if there exists
a shorter candidate path (2, 4, 7), but having
a greater total cost of 19.
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Example process of backup path
Figure 4.
calculation using a typical a priori backup path
sharing approach.

As shown in [22], the increase of the
length of backup paths under the "a priori"
sharing compared to the "no sharing" case
can be even as much as 40-50%. This result,
together with characteristics of the already
mentioned three-way handshake protocol
used to restore the broken connections, may
in turn result in WDM connection restoration
time values exceeding 50 ms, implying
packet losses encountered by higher-layer
applications [3].
In our SPGC backup path sharing
approach from [15], also referred to here as
"a posteriori" sharing, in order to provide
fast service recovery, the problem of
survivable routing with backup resource
sharing is divided into two separate
subproblems (routing and backup capacity
sharing, accordingly) to be solved in
a consecutive manner. In particular, in order
to provide short backup paths, solution to the
backup path sharing problem is found after
calculating all working and backup paths.
Contrary to the "a priori" sharing where
only working paths are found as the shortest
ones, in our SPGC approach, all paths are
determined using the standard metrics of
distance (i.e., ∀h (ξhw = ξhb = sh)). Sharing
the capacity of backup paths is then
performed locally at each single arc ah, by
means of reorganizing the assignment of
channels to backup paths traversing the arc
ah. Therefore, backup lightpaths traverse the
same links, as they did before applying the
backup path resource sharing, which makes
fast restoration of broken connections
possible.
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In [15], we proved that at any given arc ah,
the considered backup path sharing problem
is NP-complete, as it is equivalent to the
problem of vertex-coloring the respective
graph of conflicts. In particular, any two
backup paths were considered as conflicting
paths, if they had to be assigned different
channels at arc ah (i.e., if the respective parts
of protected working paths were not
mutually disjoint). Therefore, in order to
apply SPGC backup path sharing, for each
link, we first constructed conflict graphs
with vertices denoting backup paths, and
edges representing the respective conflicts
between paths. As a next step, we utilized
either exact method of vertex graph coloring
based on Integer Linear Programming
model, or suboptimal heuristic algorithms of
vertex coloring such as "Largest First"
approach [23].
As a result, backup paths obtained by our
SPGC approach were up to 50% shorter,
compared with the respective ones returned
by the "a priori" sharing. This in turn had
a direct implication on the values of
connection restoration time being reduced by
as much as 45%. Another advantage of our
method was that it also brought about
a significant reduction of extra capacity
needed to install the backup paths (up to
40%, compared to the "no sharing" case),
which was only insignificantly (i.e., 5-10%)
less, compared with the results of the
common "a priori" sharing.
3 PROPOSED APPROACH TO
INTER-LAYER SHARING OF BACKUP
PATH CAPACITIES

In case of providing the service survivability
at each network layer, multiple pools
of spare capacity have to be reserved for
backup path purposes, each pool dedicated
to a particular network layer. This in turn
may cause the problem of redundant
protection [24], [25], resulting in a waste of
network resources.
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In this paper, we solve this problem by
applying the common pool method [6], [26]
to our SPGC backup path capacity sharing
approach. The common pool technique is
a mechanism that provides the inter-layer
sharing, in a way that the protection paths of
the upper layer (i.e., IP-MPLS backup LSPs)
are allowed to use the backup capacities of
protection paths of the lower layer
(i.e., WDM backup lightpaths).
We consider a two-layer network in which
IP-MPLS and WDM form the respective
upper and lower layers. IP-MPLS layer
demands are served by means of working
Label Switched Paths (LSPs) protected by the
respective backup LSPs. Each link of
working and backup LSPs is provided by the
respective WDM lightpath that can be
a multihop path with optical switching at
intermediate nodes (i.e., transparent to
IP-MPLS routing). Therefore, IP-MPLS links
can be considered as virtual ones.
We assume that each WDM lightpath
realizing the respective IP-MPLS link is
protected in the WDM layer by the
end-to-end backup lightpath. As stated
before, providing protection in WDM layer
significantly reduces the number of recovery
actions, as each WDM recovery action refers
to a group of IP-MPLS flows groomed
together onto a WDM lightpath. Since such
protection is not sufficient in case of failures
of IP-MPLS transit nodes (i.e., the end nodes
of the respective lightpaths), we also apply
protection in IP-MPLS layer by means of
end-to-end backup LSPs. Each link of
a backup LSP is in turn provided by the
unprotected WDM lightpath.
The main problem addressed in this paper
refers to providing fast restoration of flows
affected after failures in IP-MPLS/WDM
networks under backup capacity sharing. To
the best of our knowledge, there is currently
no such solution available in the literature.
Existing works on multilayer networks
survivability provide the respective schemes
of backup capacity sharing using the
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common "a priori" sharing. In particular,
apart from conventional sharing of backup
path capacities in WDM layer, they also
allow for inter-layer sharing of backup path
resources, implying the possibility to reuse
link capacities reserved to WDM backup
lightpaths by unprotected WDM lightpaths
carrying flows of backup LSPs [27].
This paper is thus the first one to provide
fast recovery of broken connections in
IP-MPLS/WDM networks by utilizing our
SPGC backup capacity sharing scheme.
Solution of the inter-layer backup capacity
sharing problem depends on the assumption,
whether a single failure affects both parts of
the network node (the IP-MPLS router and
the optical core router-OXC), or refers to
a single component only.
In the rest of the paper, we assume, that
the IP-MPLS routers are separated from the
OXCs. Such an approach is reasonable, since
these two items may be physically disjoint in
contemporary transport networks. In this
case, a single failure thus refers to either the
IP-MPLS router, or the optical OXC, but
never to both of them at the same time. It
means that the backup paths from different
layers will never be used simultaneously.
That is why, inter-layer sharing is always
feasible here, providing that the respective
constraints of sharing the capacities of
backup paths within separate layers are met.
Similar to our work [15], the extended
version of our SPGC sharing technique
proposed here is applied after establishing all
the connections. Its scope is confined to each
single WDM arc ah = (i, j), meaning that
sharing the backup paths is performed within
the set of backup paths installed at a given
WDM arc ah only. This in turn guarantees
that protection paths traverse the same links
which they used before applying the backup
path sharing. Since they were initially found
as the shortest ones, under our backup path
capacity sharing they also remain the
shortest ones. The introduced extension is to
enable the inter-layer sharing.
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In this paper we present example results
for the case of protection against a failure of
a single node. We also assume that WDM
nodes are equipped with the respective
wavelength converters allowing for full
wavelength conversion (i.e., switching the
traffic from any incoming wavelength to any
outgoing wavelength). Therefore, sharing the
backup path capacities can be performed at
each network arc independently.
The generic version of SPGC algorithm
extended by inter-layer sharing is given in
Fig 5.
After finding all the paths for each
end-user connection in both network layers,
at each WDM arc ah, the set of backup paths
Bh is first divided into subsets Bhc. However,
in IP-MPLS/WDM networks, each set Bh
may contain both the unprotected lightpaths
that carry the backup LSPs and the backup
lightpaths providing protection in the WDM
layer. The number Bhc of subsets must be
minimized since it denotes the number of
channels that will be finally allocated for
backup path purposes at the arc ah.
Similar to our SPGC sharing preformed in
a single layer only from [15], the problem of
optimally dividing the set Bh of backup paths
installed at each arc ah into subsets Bhc is
equivalent to the vertex-coloring problem of
an induced graph of conflicts Gh (see Section
5.5) [23]. The only difference is the way the
graphs Gh are created. For each WDM arc
ah, the graph Gh is constructed in a way that:
− its vertices denote:
backup
lightpaths
providing
protection in the WDM layer,
unprotected lightpaths carrying
backup LSPs
− there is an edge between a given pair of
vertices u and v in Gh, if and only if
there is a conflict between the respective
lightpaths utilized to provide backup
routes in the same layer (i.e., protection
for either WDM working lightpaths, or
working LSPs from the IP-MPLS layer).
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In [15], we provided the proof of
NP-completeness of the considered problem
of backup capacity sharing in WDM layer.
Therefore, the inter-layer sharing problem
addressed here, being the extension to the
respective one from [15], remains
NP-complete as well.
INPUT

OUTPUT

Graph of a WDM layer topology Γ = (N, A),
where N and A are the sets of nodes and arcs,
accordingly; sets of channels allocated for
working lightpaths at arcs ah; sets Bh of backup
lightpaths traversing arcs ah; sets of unused
channels at arcs ah
Subsets Bhc that imply the new assignment of
WDM channels to backup lightpaths at arcs ah

For each arc ah:
Step 1 Partition the set Bh of backup lightpaths
traversing arc ah into subsets Bhc such that:
− each subset Bhc contains backup lightpaths
that may share capacity each other, i.e., for
which the respective parts of protected
working lightpaths are mutually disjoint,
− the number of subsets Bhc is minimized.
Step 2 For each Bhc:
Step 2a Delete initial allocations of link channels for
backup paths of Bhc (i.e., allocations resulting from
backup path computations in the routing problem)
Step 2b Perform backup path sharing by allocating one
common channel to all backup paths of Bhc

Figure 5. Proposed backup path sharing technique.

4 SIMULATION ASSUMPTIONS

Evaluation of characteristics of our interlayer backup capacity sharing approach was
done by means of simulations performed for
a realistic scenario of multiple classes of
service. In particular, we assumed that
demands to establish IP-MPLS flows were
organized into M service classes, numbered
from 0 to M-1. Class m = 0 represented
demands of the highest required level of
service resilience. For this service class, all
the recovery actions had to be performed as
fast as possible. With the increase of the
service class number m, the time needed to
restore the broken connections as well as the
frequency of restoring the connections in the
IP-MPLS layer were allowed to increase.
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INPUT WDM layer topology Γ = (N, A), where N and A
are the sets of nodes and arcs; A set |DIP| of
IP-MPLS layer demands, each demand dt given
by a quadruple dt = (pt, qt, m, f(µt)), where pt, qt,
m, f(µt) are the source node, the destination
node, the service class number and the requested
capacity, respectively.
OUTPUT Survivable multilayer routing of demands
Step 1 Create the matrix Ξ of arc costs ξh, each cost ξh
set to the length of the respective arc ah in the
WDM layer.
Step 2 For each demand dt, find the working and
backup LSPs using the Bhandari’s algorithm
[28] with matrix Ξ of arc costs.
)
Step 3 Divide the working LSPs into δ m regions
(Eq. 2) and replace each part of the working
LSP, determined by the given region, with
a direct IP-MPLS link.
Step 4 Using the the Dijkstra’s algorithm [29] and the
standard distance metrics, calculate the working
lightpaths that carry the IP-MPLS working paths.
For this purpose, treat the aggregate flows
belonging to the same service class m between
the end nodes of the IP-MPLS layer virtual links
vr, found in Step 2, as the demands for the WDM
layer.
Step 5 Divide each working lightpath into δm regions,
as given in Eq. 3, and provide each region
with a dedicated backup lightpath. For that
purpose, replace each part of the working
lightpath, determined by the given region, with
a pair of node-disjoint paths, found using the
Bhandari’s algorithm*.
Step 6 Provide each aggregated IP-MPLS backup flow
between the end nodes sr and tr of the IP-MPLS
layer virtual link vr with the unprotected WDM
lightpath*.
*

if finding any lightpath is not feasible due to the lack of resources,
then reject all the end-user demands, which paths were to be groomed
into the respective lightpath.

Figure 6. MLS-H algorithm used in simulations.

In simulations, we used MLS-H algorithm
of establishing paths, shown in Fig. 6.
Differentiation in terms of the values of
service recovery time was achieved by:
− limiting the frequency of service recovery
actions in IP-MPLS layer based on
service class m. For this purpose, in
Step 3, we adjusted the number δ)m of
active LSP links as given in Eq. 2:
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 µt − 1


× m + 1
 M −1


δˆm = 
where: µ t

is

the

number

(2)
of

arcs

of

the end-to-end shortest lightpath
between the source pt and destination
qt nodes demand t determined in the
WDM layer topology,
m is the class of a demand,
M is the number of service classes.

It is clear from Eq. 2, that, for the class
m = 0, any working LSP is established by
a direct IP-MPLS layer link, as given in
Fig. 7. This implied in turn that for class 0
traffic, no time-consuming IP-MPLS
layer recovery actions took place.
On the contrary, working LSPs of other
service classes consisted of more than one
link. In the extreme case, for the class
m = M-1, each working LSP link was
mapped onto a single-link WDM
lightpath (Fig. 8), implying frequent
recovery actions in the IP-MPLS layer.
− limiting the time needed to restore
connections in WDM layer based on
service class number m.
For this purpose, in Step 5 of MLS-H
algorithm, we adjusted the number δm of
backup lightpaths protecting the given
working lightpath as given in Eq. 3:
 | π | −1

δ m = − r
× m + | π r | −1
M
−
1



where:

(3)

π r is the number of arcs of the
shortest path between the lightpath end
nodes. Other symbols from Eq. 3 have
the same meaning as in Eq. 2.

From Eq. 3, one can observe that δm
decreases linearly with the increase of
service class number m. In particular, it
means that, for the class m = 0, any
backup lightpath protects two adjacent
links of the working lightpath, as shown
in Fig. 7. On the contrary, for the class
m = M-1, there is no backup lightpath for
a given working lightpath. Therefore, in
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this case, all recovery actions must be
performed in IP-MPLS layer (Fig. 8).
Owing to limitations on the number of
working LSP links in the IP-MPLS layer
given in Eq. 2 (i.e., implying the decrease
of the working lightpath length with the
increase of the service class number m),
obtained scopes of WDM protection
(measured in kilometers of fibers) in fact
remain at the same low level. This is true
independent of the service class number
m (except for the class M-1 demands, for
which there are no backup lightpaths in
the WDM layer). This in turn implies fast
service recovery in the WDM layer for
each service class number.
The backup LSPs are grouped into
service classes and mapped onto the
unprotected lightpaths (Step 6 in Fig. 6).
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Example IP-MPLS/WDM survivable
Figure 7.
routing of a class 0 connection.
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The bottom-up strategy of restoring the
broken connections was assumed. It meant
that the restoration process was first
executed in the WDM layer and was
followed by the IP-MPLS layer restoration.
Our SPGC sharing of backup capacities
was applied after finishing the attempts to
find all the paths of demands in both
IP-MPLS and WDM layer (i.e., after
executing Step 6 of MLS-H algorithm).
In case of analyzing the characteristics of the
common a priori sharing, sharing the
resources of backup paths had to be
performed:
− in Step 2 of the MLS-H algorithm
(when finding the backup LSPs),
− in Step 5 of the MLS-H algorithm
(when calculating the costs of links to
be
used
in
backup
lightpath
computations, as given in Eq. 1),
− in Step 6 of the MLS-H algorithm
(when calculating the costs of links to
be used to find the unprotected
lightpaths, based on the metric from Fig.
1, to enable sharing the resources among
the unprotected lightpaths, carrying the
backup LSPs, and the backup lightpaths
- i.e., inter-layer sharing.
Each demand set DIP consisted of 25%
randomly chosen node pairs for the
COST 239 Network [30] and Italian
Network [31] (shown in Figs. 9 and 10).
Simulations were to measure the link
capacity utilization ratio, the lengths of
working and backup paths in the IP-MPLS
and the WDM layer, the number of broken
connections restored in the IP-MPLS and
WDM layer, and the values of service
recovery time.
All the WDM-layer links were assumed to
have Λ = 160 channels. Channel capacity
unit was assumed to be equal for all the
network links. Optical nodes had a full
wavelength conversion capability.
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Figure 9. COST 239 Network.
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Figure 10. Italian Network.

The following properties were assumed:
− demands from M = 5 service classes
with protection against a single node
failure,
− the demanded capacity equal to 1/8 of
the WDM link channel capacity,
− provisioning 100% of the requested
bandwidth after a failure,
− a demand to assure the unsplittable
flows in IP-MPLS and WDM layers,
− the distance metrics and the Bhandari’s
algorithm [28] of finding the set of
disjoint paths in all path computations,
except for the working lightpaths and
the unprotected lightpaths for the
backup LSP links, found by the
Dijsktra’s shortest path algorithm [29],
− the three-way handshake protocol of
service restoration in IP-MPLS and WDM
layer (the exchange of LINK FAIL,
SETUP and CONFIRM messages).
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Fig. 11 shows a scenario of a single
simulation.
Repeat ℵ * times the following steps:
Step 1 Randomly choose |DIP| pairs (pt, qt) of nodes
(|DIP|/M demands for each service class).
Step 2 Use MLS-H algorithm from Fig. 6 to establish
survivable connections.
Step 3 Store information with respect to the link
capacity utilization ratio and path lengths.
Step 4 u* times simulate random failures of single
nodes. For each failure state, restore
connections that were broken and memorize
the values of connection restoration time.
*

in each scenario, ℵ = 100, |DIP| = 25% of all network node
pairs, and u = 100 were assumed

results show that, independent of the backup
capacity sharing method, the greatest amount
of capacity was needed for the case of the
most important class m = 0. This was caused
by the properties of the used MLS-H
algorithm of survivable routing from
Section 4. However, for our sharing method,
this amount was remarkably decreased. The
obtained results were only insignificantly
worse than the ones achieved for the common
a priori sharing technique.
Table 1. Average ratios of total link capacity
utilization for the inter-layer sharing [%].

Figure 11. Research plan.

backup
capacity
sharing [%]

Network

5 SIMULATION RESULTS

Table 1 presents the average ratios of link
capacity utilization for the WDM layer,
achieved during a single simulation. As given
in Table 1, in the "no sharing" scenario, the
amount of capacity needed for backup
lightpath purposes was about two times higher
in comparison to the capacity reserved for
active lightpaths. This can be explained by the
fact that additional unprotected lightpaths had
to be established to carry the backup LSPs to
provide protection in the IP-MPLS layer
against failures of transit nodes in that layer.
However, our method reduced the amount of
capacity required for backup paths up to
54.06% (see results for the Italian Network).
The common a priori sharing turned out to be
insignificantly more capacity-efficient (the
respective reduction in terms of the required
backup capacity was up to 62.41%, compared
to the “no sharing” case).
Figs. 12÷13 show the average ratio of total
link capacity utilization in the WDM layer as
a function of the service class number m. The
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total link capacity utilization [%]

5.1 Average Link Capacity Utilization
Ratio

Italian

protection
paths
capacity
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Figure 12. Average values of total link capacity
utilization (Italian Network)
total link capacity utilization [%]

Results presented in this section refer to
a scenario, where each demand set DIP
consists of 25% randomly chosen node pairs.

active
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capacity
[%]
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Figure 13. Average values of total link capacity
utilization (COST 239 Network).

5.2 Average Path Lengths and Numbers
of Path Links in the IP-MPLS Layer
Figs. 14÷15 show the average lengths of
IP-MPLS active and backup LSPs as
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Figure 14. Average length of paths in the IP-MPLS
layer (Italian Network).

length of LSPs [km]

6000

4000

w orking LSPs (no sharing)

backup LSPs (no sharing)

w orking LSPs ('a priori' sharing)

backup LSPs ('a priori' sharing)

w orking LSPs ('a post.' sharing)

backup LSPs ('a post.' sharing)

w orking LSPs (no sharing)

backup LSPs (no sharing)

w orking LSPs ('a priori' sharing)

backup LSPs ('a priori' sharing)

w orking LSPs ('a post.' sharing)

backup LSPs ('a post.' sharing)

6
4
2

class 0

class 1

class 2

class 3

class 4

Figure 17. Average number of LSP links (COST 239
Network).

5.3 Average Length of Lightpaths
and Numbers of Lightpath Links
in the WDM Layer
Figs. 18÷19 show the average lengths of
WDM lightpaths as a function of service
class number m, while Figs. 20÷21 give the
respective average numbers of WDM
lightpath links.
Independent of the service class number,
for our a posteriori sharing, the average
length of backup lightpaths remained at the
same low level, as in the case of "no
sharing". This in turn provided fast service
recovery in the WDM layer. However, the
typical a priori sharing technique resulted in
finding backup lightpaths being up to 60%
longer.
Due to utilizing the standard metrics of
distance for working lightpath computations,
there was no difference in the average length
of these paths for all analyzed sharing
methods.

2000

0
class 0

class 1

class 2
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Figure 15. Average length of paths in the IP-MPLS
layer (COST Network).
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number of LSP links
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length of WDM lightpath [km]

length of LSPs [km]

2000

10
number of LSP links

a function of service class number m, while
Figs. 16÷17 give the respective average
number of links for IP-MPLS paths.
Independent of the service class number
m, the lengths of IP-MPLS active and
backup LSPs remained at the same level.
As assumed in Eq. 2, the average number of
IP-MPLS layer active LSP links decreases
with the decreased of the service class
number (Figs. 16÷17). The average number
of links of IP-MPLS backup paths remained
at the same level, independent of the service
class. This was because of the fact that each
link of any backup LSP was established
mostly as a one-hop lightpath. However, in
case of the a priori sharing, due to
determining the backup path link costs based
on Eq. 1, established backup LSPs were up
to 25% longer, compared with the results of
both our sharing technique, as well as of the
“no sharing" case.
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Figure 18. Average length of lightpaths in the WDM
layer (Italian Network).
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Figure 16. Average number of LSP links (Italian
Network).
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Figure 19. Average length of lightpaths in the WDM
layer (COST 239 Network).
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Figure 20. Average number of lightpath links
(Italian Network).
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Figure 24. Average number of unprotected lightpath
links (Italian Network).

number of unprotected
lightpath links

Figs. 22÷23 show the average lengths of
unprotected lightpaths carrying the backup
LSPs as a function of the service class
number, while Figs. 24÷25 give the numbers
of WDM-layer path links.
Independent of the analyzed network, due
to determining the link costs in backup
lightpath computations according to Eq. 1,
the average length of the unprotected
lightpaths, as well as the respective numbers
of lightpath links, were up to 50% greater for
the a priori sharing, compared with the
results of both our a posteriori backup
capacity sharing method and in the “no
sharing” case.
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no sharing

1500

3

5.4 Characteristics of Unprotected
Lightpaths
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Figure 21. Average number of lightpath links
(COST 239 Network).
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Figure 23. Average length of unprotected lightpaths
(COST 239 Network).
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Figure 22. Average length of unprotected lightpaths
(Italian Network).
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Figure 25. Average number of unprotected lightpath
links (COST 239 Network).

5.5 Service Recovery Actions

Figs. 26÷27 show the aggregate numbers of
recovery actions for both the IP-MPLS and
the WDM layer as a function of the service
class number m, measured in a single
scenario.
According to the analyzed MLS-H
algorithm of IP-MPLS/WDM survivable
routing, with the increase of the service class
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Figure 29. Average values of service restoration
time in the IP-MPLS layer (Italian Network).
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Figure 30. Average values of service restoration
time in the WDM layer (COST 239 Network).
service restoration time [ms]

number m, the number of recovery actions in
the IP-MPLS layer increases, while the
number of recovery actions at the WDM
layer decreases.
For our a posteriori sharing technique,
the average values of service recovery time,
presented in Figs. 28÷31, remained at the
same low level, independent of the service
class number. What is more, they were
always close to the shortest ones, achieved in
the “no sharing” case.
However in case of the a priori sharing,
due to the increase of the average backup
path length in both IP-MPLS and the WDM
layer, the obtained values of service
recovery time in the IP-MPLS layer were up
to 33% greater (even up to 50% greater in
the WDM layer).
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Figure 26. Total number of restored connections
(Italian Network).
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Figure 27. Total number of restored connections
(COST 239 Network).
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Figure 28. Average values of service restoration
time in the WDM layer (Italian Network).
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Figure 31. Average values of service restoration
time in the IP-MPLS layer (COST 239 Network).

Figs. 32÷33 present the aggregate values
of service recovery time as a function of the
service class number m. Each value shown in
Figs. 32÷33 was calculated as the sum of all
connection restoration time values in both
IP-MPLS and WDM layer, measured in
a single simulation scenario. For our method,
the obtained values were again comparable to
the “no sharing” case, while for the a priori
sharing, they were up to 42% greater.
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Figure 32. Aggregate values of service restoration
time (Italian Network).
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Figure 33.
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Statistical analysis of results presented in
Figs. 12÷33, based on 95% confidence
intervals, showed that the sizes of these
intervals were very small. Therefore, due to
their low visibility, we decided not to
include them in Figs. 12÷33.
During simulations, we also analyzed three
other cases of network load, i.e., determined
by the sets of IP-layer demands, consisting of
50%, 75%, and 100% of all network node
pairs chosen randomly. However, compared
to the results shown in this section for the
basic size of demand sets given by DIP = 25%
of randomly chosen node pairs, no visible
differences were observed. Therefore (and
also due to page limits), these results were not
included here.
6 CONCLUSIONS

In this paper, we addressed the problem of
fast service recovery after failures in IPMPLS/WDM networks. Special focus was
put on sharing the capacity reserved for
backup paths.
In
particular,
we
showed
that
conventional approach to backup path
capacity sharing implies a significant
increase of the length of backup paths. This
has in turn a direct impact on the overall
increase in terms of time needed to redirect
the affected flows to backup paths (even up
to 50% more time is necessary, compared
with the "no sharing" case), which is not
acceptable for a large group of services.
To overcome this problem, we proposed
a novel approach to inter-layer sharing based
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on the idea of coloring the vertices of the
respective graphs of conflicts, that does not
increase the length of backup paths. In
particular, we extended our method from
[15] to the case of inter-layer sharing in
IP-MPLS/WDM networks. Such sharing of
backup capacities eliminated the problem of
redundant protection, occurring in case
multiple pools of spare capacity are reserved
for backup path purposes, each pool
dedicated to a particular network layer.
Simulation results showed that our
inter-layer backup capacity scheme is the
first one to achieve the shortest possible
values of service recovery time (i.e.,
comparable to the ones for the "no sharing"
case). At the same time, it significantly
reduces the amount of capacity needed to
provide survivable routing of all the network
flows (the respective reduction was up to
54.06%, compared to the "no sharing" case).
Additionally, its capacity efficiency was
only insignificantly worse, compared to the
results of the typical a priori sharing.
However, unlike the a priori sharing
approach, our technique did not increase the
length of backup lightpaths as well as the
lightpaths carrying the backup LSPs, and
thus also provided up to 25% and 50%
shorter values of service restoration time in
the IP-MPLS and the WDM layer,
respectively.
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